
Handling of Spent Nuclear Fuel 
and Final Storage of Vitrified 
High Level Reprocessing Waste

KÄRN - 
BRÄNSLE - 
SÄKERHET

 

I	 General
~~ @@@~@@W 

~~~ f~@□~□~□@~ 
~\Yl ~~~@~W ~IT7J~~W~□~ 
\Yl f@[f@□ @IT7J ~@~ow□~□@~ 



HANDLING OF SPENT NUCLEAR FUEL AND FINAL 
STORAGE OF VITRIFIED HIGH LEVEL REPROCESS
ING WASTE 

SUMMARY 

In april 1977 the Swedish Parliament passed a Law, which stipu
lates that new nuclear power units can not be put into operation 
unless the owner is able to show that the waste problem has been 
solved in a completely safe way. The task of investigating how 
radioactive waste from a nuclear power plant should be handled 
and stored was previously the responsibility of the National 
Council for Radioactive Waste Management (PRAV). This Council was 
formed in November 1975 as the result of a proposal made by the 
Government Committee on Radioactive waste (the AKA Committee). 

In response to the Government bill proposing the Law, the power 
industry decided in December 1976 to give top priority to the in
vestigation of the waste problem in order to meet the require
ments of the Law. Therefore, the Nuclear Fuel Safety Project 
(KBS) was organized. The first report from the KBS project en
titled "Handling of spent nuclear fuel and final storage of 
vitrified high level reprocessing waste" was submitted in De
cember 1977. 

The requirements~ the Law regarding completely safe storage 

The Law stipulates that the owner of a reactor must show how and 
where a completely safe storage can be provided for either the 
high level reprocessing waste or the spent, unreprocessed nuclear 
fuel. "The storage facility must be arranged in such a way that 
the waste or the spent nuclear fuel is isolated as long a time as 
is required for the activity to diminish to a harmless level". 
"These requirements implies that measures should be taken which, 
during all phases of the handling of the spent nuclear fuel, can 
ensure that there will be no damage to the ecological system". 

In the strictest meaning of the word, no human activity can be 
considered completely safe. The fact that such an interpretation 
of the wording of the Law was not intended is evident from the 
formulation of the statements made by the Government in support 
of the Law indicating that the storage of waste shall fulfil "the 
requirements imposed from a radiation protection point of view 
and which are intended to provide protection against radiation 
damage". Questions regarding protection against radiation damage 
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are regulated by the Radiation Protection Act. This means that 
the requirements imposed on the handling and storage of high
level waste are, in principle, the same as those which apply for 
other activities involving the handling of radioactive sub
stances. 

This interpretation is supported by the statements made by the 
Committee of Commerce and Industry in its review of the Law, in 
which the Parliament also concurred. The Committee thus finds the 
expression "completely safe" to be warranted in view of the very 
high level of safety required, but considers that a "purely 
Draconian interpretation of the safety requirement" is not in
tended. Draconian means "excessively severe, inhuman". 

The requirements of the Law regarding the scope of this report 

In the statements made by the Government in support of the Law it 
is said: "The descriptions to be submitted by the owner of the 
reactor shall include detailed and comprehensive information for 
the evaluation of the safety. Consequently, over-all plans and 
drawings will not suffice. Furthermore, it should be specifically 
stated in which form the waste or spent nuclear fuel is to be 
stored, how the storage is to be arranged, how the transportation 
of the spent nuclear fuel or of the waste will be carried 0ut and 
whatever else may be required in order to ascertain whether the 
proposed final storage can be considered completely safe and 
possible to construct." 

To fulfil these requirements, this report presents relatively de
tailed information on the design of facilities and the transpor
tation systems which are part of the handling and storage chain. 
Certain parts of this information are relatively unessential for 
evaluating the safety of the waste storage, while others are 
vital. A detailed evaluation of the safety aspects of the propos
ed design is presented in a safety analysis. The handling and 
processing carried out abroad is also described, although more in 
general. 

The alternatives given in the Law 

The Law requires a description of the handling and final storage 
of either the high level reprocessing waste or the spent, unre
processed nuclear fuel. This report deals with the first alterna
tive. An application to the Government to charge nuclear fuel to 
a new reactor based on this alternative must, in addition to this 
report, include an agreement which covers in a satisfactory 
manner the anticipated need for reprocessing of spent nuclear 
fuel. This aspect is, however, not dealt with in this report. 

A report on the second alternative, i.e. spent unprocessed fuel, 
is planned for publication during the firsthalf of 1978. 



Layout of the report 

This report has been divided into five volumes as follows: 

I General 
II Geology 
III Facilities 
IV Safety analysis 
V Foreign activities 
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In order to provide a basis for the report, KBS has carried out a 
great number of technical-scientific investigations and surveys. 
The results of these are published in KBS Technical Reports. 56 
volumes of these reports have so far been published, (see 
volume I, appendix 3.) 

Volume I (General) can be read independently of the other volum
es. It comprises mainly a sunnnary of the more detailed reports 
presented in volumes II, III and IV. 

Chapter 3 in volume I is a sunnnary of the proposed method for 
handling and storage of nuclear fuel and high-level waste from 
the nuclear power plant fuel pools up to and including final 
storage in Swedish bedrock. 

Chapter 13 in volume I sunnnarizes the more detailed presentation 
of the safety analysis in volume IV. This chapter sunnnarizes the 
safety evaluations of the whole handling chain from a radiologi
cal point of view. The effects of radiation have been calculated 
for normal conditions and for accidents. Special emphasis has 
been placed on the long-term aspects of the final storage of high 
level waste. 

Final stage of nuclear fuel cycle 

Power Station Central Storage Reprocessing Intermediate 
Storage Encapsulation 

Final Storage 

The handling chain for spent nuclear fuel and high-level repro
cessing waste is illustrated in the above block diagram. 

Nuclear power stations always have storage pools for spent 
nuclear fuel. They are needed so that the fuel can be discharged 
from the reactor and also to provide storage space for spent 
nuclear fuel before it is dispatched for reprocessing or for 
storage elsewhere. 

Today, the available reprocessing capacity is limited, and it is 
not clear to what extent spent nuclear fuel will be reprocessed. 
As a result, it is necessary to extend the storage capacity for 
spent nuclear fuel. For economic reasons and for the planning of 
the back end of the nuclear fuel cycle, the extended capacity 
should not be provided at the nuclear power stations. Instead, a 
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central fuel storage facility should be constructed. This faci
lity is needed regardless of whether the spent nuclear fuel is to 
be reprocessed or not before final storage. The fuel can be 
stored in this facility for about ten years. 

As a rule, radioactive waste must be stored in the country where 
it is produced. The high-level reprocessing waste will be sent 
back to Sweden in vitrified form in 1990 at the earliest. The 
vitrified waste will be contained in stainless steel cylinders 
having a diameter of 40 cm and a height of 1.5 m. If all of the 
fuel is reprocessed, 9 000 cylinders will be obtained from 13 
reactors that have been in operation for 30 years. 

The waste cylinders will be placed initially in an intermediate 
storage facility where they will remain for at least 30 years be
fore being transferred to the final storage. The cylinders will 
be kept in dry conditions in the intermediate storage facility, 
and radiactive substances cannot be released to the environment. 
During this storage period, the amount of heat generated by the 
waste will be reduced by half, thus simplifying final storage. 
Intermediate storage postpones the date when final storage must 
commence, thus providing more time to optimize _the final storage 
method. A longer storage period than 30 years is entirely possib
le. Such a prolonged storage period is considered in France, for 
example. However, intermediate storage requires a certain amount 
of supervision, even though this supervision is very limited. 

It is planned that the final storage, which will not have to go 
into operation until 2020 at the earliest, will be constructed in 
rock about 500 metres underground. The facility is designed in 
such a way that it can be sealed and ultimately abandoned. In the 
final storage, the waste will be exposed to the ground-water in 
the rock. After intermediate storage and before the waste cylin
ders are transferred to the final storage, they will therefore be 
encapsulated in a canister made of titanium and lead. These ma
terials have good resistance to corrosion. 

The siting of the facilities for the various handling stages may 
be arranged in different ways, in accordance with what is deemed 
to be practical. 

Spent fuel has already been shipped abroad from Sweden for repro
cessing. Similar transports will also be required between the 
various phases of the handling. The design and procurement of 
transport casks and vehicles thus form part of the waste 
handling. 

Geological requirements for~ final storage 

Extensive investigations and tests have been carried out to de
termine the suitability of Swedish bedrock for final storage. In 
this connection, interest has been concentrated on precambrian 
chrystalline rocks. In other countries, studies have been made of 
storage in salt, shale and clay depending upon the natural pre
requisites of each country. 

Field investigations have been carried out at five sites, three 
of which have been selected for more detailed studies. A number 



of holes have been drilled to a depth of 500 metres. It should be 
emphasized that the objective of this work was not to find a site 
now to be proposed for final storage. The purpose was to show 
that suitable bedrock is available within Sweden for such a faci
lity. 

The factors that will determine the suitability of a rock forma
tion for final storage are its permeability and strength, the 
composition of the groundwater and its flow pattern and the de
laying effects on radioactive substances when groundwater passes 
through cracks in the rock. Of special interest is also the risk 
of rock movements which could affect the pattern of groundwater 
flow or damage the encapsulated waste. 

Assessing these factors, a depth of about 500 metres is con
sidered to be suitable. At this depth, the bedrock contains fewer 
cracks and has lower water permeability than closer to the sur
face. This depth also gives a satisfactory protection against 
acts of war and such extreme events as meteorite impacts and the 
effects of a future ice age. 

The investigations and surveys carried out have shown that the 
three sites selected offer satisfactory conditions for final 
storage. At these sites, the bedrock consists of Sweden's most 
common types of rock - granite, gneiss and gneissified granodio
rite. Consequently, it is reasonable to expect that rock forma
tions with equivalent conditions are also available at many other 
places within Sweden. 

Safety of the handling chain 

The extensive safety analysis carried out has shown that the re
lease of radioactive substances which could occur in connection 
with normal operation or with an accident in the different stages 
of the handling chain within Sweden, would be insignificant in 
comparison with corresponding conditions at a nuclear power sta
tion. This is because the vitrified waste has a low temperature 
and is encapsulated without overpressure. Consequently a sudden 
and extensive release of radioactivity can not occur. The safety 
of the steps of the handling chain, which will be carried out 
abroad (reprocessing and vitrification), will be evaluated by 
Government authorities in the country concerned and are dealt 
with in a more superficial manner in this report. 

Radioactive substances from a final storage can only be released 
by the groundwater. The final storage must be arranged in such a 
way that such a release cannot damage the ecological system. It 
is then important to remember that the activity of the radioac
tive substances in the waste diminishes very slowly. The final 
storage is therefore arranged so that the migration of these sub
stances is either prevented or delayed for a long time, thus en
suring that the concentration of radioactive substances which may 
reach the biosphere will be harmless. For this reason, the design 
of the final storage provides for a number of successive barri
ers. 

For any release of radioactive substances in the waste to the en
vironment, the groundwater must first penetrate both the canister 
made of titanium and lead and the stainless steel container. 

V 
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These materials have excellent resistance to corrosion. The waste 
cylinders will be placed in holes drilled into good-quality rock 
and surrounded by a buffer material consisting of quartz sand and 
bentonite. Since the buffer material has a low permeability, only 
very small amounts of water will be able to affect the encapsu
lated waste. 

In the event of the penetration of the canister and the stainless 
steel container, the groundwater can affect the vitrified waste. 
However, the glass has a very low leaching rate under the con
ditions that prevail in the final storage. 

The low flow rate of the groundwater, the long distance which the 
water must cover to reach the biosphere and the chemical process
es in the crack system in the rock and in the buffer material 
provide effective barriers that prevent and delay the migration 
of the radioactive substances. Moreover, dilution in huge volumes 
of groundwater will take place before entry into the biosphere. 

The safety of the final storage of high-level waste is domi
nating the safety issue. The safety analysis is based, in each 
phase that entails uncertainty, on assumptions and data that pro
vide a reassuring margin of safety. Possible routes for the mi
gration of radioactivity to the biosphere have been studied in 
the safety analysis, and the group of people which can be exposed 
to the highest level of radiation has been identified (the cri
tical group). The critical group consists of persons taking their 
drinking water from a deep well drilled in the vicinity of the 
final storage. Under unfavourable circumstances this group can be 
exposed to a maximum radiation (individual dose) of 13 millirem 
per year in addition to natural background radiation. 

This maximum additional dose of 13 millirem per year will not 
occur until after about 200 000 years. This long delay is caused 
by the retainment in the buffer material and the rock of the 
radioactive substances providing the highest additional dose. 
Radioactive substances which are not delayed relative to the flow 
of water in the bedrock could come into contact with the bio
sphere after only some hundreds of years. However, the additional 
dose attributable to these substances is very much lower than the 
value given above. 

An individual dose of 13 millirem is considerably lower than the 
dose recommended by the International Commission on Radiological 
Protection (ICRP) as the upper limit for permissible additional 
doses for individuals namely 500 millirem per year. This limit is 
intended to protect individuals against delayed radiation effects 
such as cancer and genetic effects. 

Governmental authorities impose lower limits for the operation of 
nuclear power plants. In Sweden, operational restrictions can be 
imposed and other measures taken if the additional dose tends to 
exceed 50 millirems per year for people living near the power 
plant. 

In order to reduce radiation exposure as much as reasonably 
possible, the Swedish Radiation Protection Institute requires 
that nuclear power plants be designed and constructed so that the 
expected additional dose for the critical group living in the 
vicinity of the plant is less than 10 millirems per year. 
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As mentioned above, the assumptions and data used in the safety 
analysis were selected with safety margins. It is considered pro
bable that the dosage will be approximately 1/lOOth of the maxi
mum value of 13 millirems per year given above. One reason for 
this is that the very low rate of water flow in the bedrock is 
not sufficient to break through the encapsulation or leache the 
vitrified waste at the rates assumed in the safety analysis pre
sented in this report. However, verification of this lower value 
would require additional investigations not yet been completed. 

The following bar-chart shows the dose rates mentioned above. It 
also indicates the dose rates from natural radiation in Sweden. 
As appears from the bar-chart local variations in natural radia
tion are considerably greater than the maximum contribution from 
a final storage of high-level waste obtained from 13 reactors 
which have been in operation during 30 years. The bar-chart also 
shows that the doses obtained from radium in natural drinking 
water in Sweden often lies considerably above the level reported 
for a final storage. 

Moreover, the safety analysis shows that radiation doses for 
large population groups attributable to a final storage will be 
virtually insignificant and that the longterm effects on health 
will be negligible. 

The design of the back end of the nuclear fuel cycle presented in 
this report thus fulfils the requirements set forth in the Law 
for a completely safe final storage of the high-level reprocess
ing waste. 

Stockholm November 1977 
NUCLEAR FUEL SAFETY PROJECT (KBS) 
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1.1 

1.1.1 

INTRODUCTION 

BACKGROUND 

General 

As of the end of 1976, 187 nuclear power reactors for civilian 
energy production were in operation in the world. The total in
stalled capacity 80 GW(e), corresponds to 80 reactors of 1 000 
MW(e) each. 
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Sweden's first corrrrnercial nuclear power plant, a lightwater re
actor in Simpevarp outside of Oskarshamn, was corrrrnissioned for 
electrical power production in 1972. Since then, a number of re
actors have been completed and there are now six nuclear units in 
operation in the country. 

Facility Owner Commissioned Capacity 

Oskarshamn 1 0KG 1972 450 MW 
Oskarshamn 2 0KG i974 580 
Ringhals 1 Swedish State Power Board 1976 760 
Ringhals 2 Swedish State Power Board 1975 820 
Barseback 1 Sydkraft 1975 580 
Barseback 2 Sydkraft 1977 580 

An additional six units are in different stages of construction 
and planning. 

Facility Owner Ready for Capacity 
fueling 

Ringhals 3 Swedish State Power Board 1977 900 MW 
Ringhals 4 Swedish State Power Board 1979 900 
Forsmark 1 FKA 1978 900 
Forsmark 2 FKA 1980 900 
Forsmark 3 FKA ? 1 000 
Oskarshamn 3 0KG ? 1 000 

Throughout the '70s, there has been an intensive public debate in 
Sweden concerning problems pertaining to the safety aspects of 
nuclear power production and whether such production is desirable 
at all. From having been concentrated on problems associated with 
normal operation and failures during the first years, the debate 
has shifted emphasis in recent years to questions concerning the 
management of the radioactive waste arising from nuclear power 
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production. The problems involved with these radioactive wastes 
were studied by a working group appointed by the Swedish National 
Institute of Radiation Protection in June of 1971. This working 
group submitted a report in May of 1972 containing proposed 
guidelines for the management of radioactive waste /1-V. This 
report concludes that the management of high-level waste from 
spent nuclear fuel "entails problems to which as yet only partial 
solutions have been found". 

In December of 1972, the Swedish Government decided to appoint an 
ad hoe committee to investigate the problems related to high
level waste from nuclear power plants called the Aka Committee. 
The Aka Committee's findings are discussed in greater detail 
under 1.1.2 below. 

The Government which entered office following the 1976 election 
set up certain conditions for the granting of permission for 
power utilities to charge new nuclear reactors with nuclear fuel. 
These conditions stipulated that the plant-owner must demonstrate 
where and how an absolutely safe final storage of the high-level 
waste can be arranged. The conditions are set forth in the "Con
ditions Act" ("Law concerning special permission for charging 
nuclear reactors with fuel") which was passed by the Swedish Par
liament in April 1977 /1-3/. 

In order to produce and compile material for the reports required 
by the Conditions Act, the power utilities formed the Nuclear 
Fuel Safety Project (KBS). The findings of the Aka Committee con
stitute the basic point of departure for the work of this Pro
ject. Research work initiated by the Aka Committee within, for 
example, the field of geology has been carried further by KBS. 
The present KBS report deals with the handling and final storage 
of vitrified high-level waste obtained from the reprocessing of 
spent nuclear fuel. 

The Aka Committee ---------

The Government Committee on Radioactive Waste (Aka Committee) 
appointed in 1972 was given further directive in May of 1974 to 
extend the scope of their study to include the handling and 
storage of low- and medium-level waste as well. 

The Aka Committee submitted its findings to the Government in 
April of 1976 /1-2/. Its conclusions and proposals concerning the 
handling and final storage of high-level waste can be summarized 
as follows: 

1 Current technology already provides satisfactory means for 
handling and storing spent nuclear fuel and radioactive 
waste. 

2 It is imperative that the Swedish power utilities procure a 
transportation system for spent nuclear fuel as soon as 
possible. It is recommended that spent Swedish nuclear fuel 
and radioactive waste which requires heavy radiation shield
ing be shipped by rail or sea, whenever possible. 

3 A central facility for the storage of spent nuclear fuel is 
needed in the country. 



4 The preliminary planning of a Swedish reprocessing plant 
should commence as soon as possible. 
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5 A decision to build a Swedish reprocessing plant should also 
include a plant for the manufacture of plutonium-enriched 
fuel. 

6 Solidification of the high-level waste from reprocessing in 
glass or ceramic material is the best method currently 
available for converting liquid high-level waste to solid 
form. 

7 Studies aimed at further elucidating the requirements which 
must be met for the final storage of non-reprocessed spent 
nuclear fuel should be commenced. 

8 Final storage of radioactive waste should be effected in 
bedrock. 

9 Detailed geological studies of sites suitable for final 
storage should be initiated at once. 

10 The power producer shall defray all costs associated with 
the handling and storage of spent nuclear fuel and radioac
tive waste. 

11 It is proposed that a special government organization be 
formed to assume responsibility for the long-term management 
of radioactive waste and associated activities. 

12 The proposals made by the Aka Committee regarding the 
management of spent nuclear fuel and radioactive waste re
quire a comprehensive programme of research and development. 

The Committee was unanimous in its proposals. Special supplemen
tary statements were submitted by two members. 

Reactions to the conclusions and proposals of the Aka Committee's 
report are largely positive. Criticism has been directed at those 
parts of the Committee's report which deal with the final storage 
of high-level waste, more particularly at the report's assessment 
of the rate of corrosion of the canister material and the extent 
of cracking in the bedrock. The need for further research is 
emphasized by many parties, especially with regard to the proper
ties of the bedrock at greater depth. Many parties warn against a 
hasty commitment to a particular method for the handling of the 
spent fuel and the final storage. The need for a safety analysis 
is also emphasized. 

KBS has now completed studies within the above-mentioned areas 
designated by the Aka report as being urgent for further study, 
except for the preliminary planning of a Swedish reprocessing 
plant. Aspects of organization and financing have not been 
covered by the KBS Project. 
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1. 2.1 

1. 2. 2 

1. 2. 3 

REQUIREMENTS TO BE FULFILLED BY THE NUCLEAR POWER INDUSTRY 

Government Statement of Policy 

The Government summarized its views on nuclear power in its 
Statement of Policy dated 8 October 1976: 

"Nuclear power involves great problems and hazards. Foremost 
among these is the handling of the spent fuel and the high-level 
waste. A commitment to nuclear power cannot be made until these 
problems and hazards have been satisfactorily brought under con
trol. In view of these problems, nuclear energy plants currently 
under construction may not be commissioned until the power com
pany concerned can present an acceptable agreement for the re
processing of spent nuclear fuel and demonstrate how and where an 
absolutely safe storage of the high-level waste can be effected. 
Barseback 2, which is completed, will be taken out of operation 
if a reprocessing agreement is not produced by 1 October 1977. 
The Government intends to enter into negotiations concerning 
these matters with Svensk Karnbransleforsorjning AB (Swedish 
Nuclear Fuel Supplies Inc.) and the concerned power utilities as 
soon as possible." 

Conditions Act 

The "Law concerning special permission for charging nuclear re
actors with fuel" /1-3/ sets forth the conditions contained in 
the Government Statement of Policy. 

§2 of the Act provides for the commissioning of nuclear reactors: 

"If an application for final approval for the commissioning of 
the nuclear reactor has not been submitted to the Nuclear Power 
Inspectorate as of October 1976, the reactor may not be charged 
with nuclear fuel withou_t the special permission of the Govern
ment. Permission may be granted only providing that the reactor 
owner 

1 has produced an agreement which adequately satisfies the re
quirement for the reprocessing of spent nuclear fuel and has 
demonstrated how and where an absolutely safe final storage 
of the high-level waste obtained from the reprocessing can 
be effected, or 

2 has demonstrated how and where an absolutely safe final 
storage of spent, un-reprocessed nuclear fuel can be effect
ed." 

Accountability of the nuclear power industry 

The Conditions Act specifies that reports submitted by power 
station owners concerning the final storage of waste from repro
cessed nuclear fuel shall describe the absolutely safe storage of 
"the high-level waste obtained from reprocessing". 

Various definitions have been used for the term "high-level 
waste". The Aka Committee has, for example, used two definitions: 
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High-level waste is waste which contains such a high level 
of radioactivity that it requires not only effective radia
tion shielding but also cooling in order to be stored in a 
safe manner/ 1-4, page 34 /, and 

High-level waste - the waste containing fission products 
which is separated from the spent fuel during reprocessing 
/1-2, part II, page 201/. 

A more precise definition based on the origin of the waste is 
used by the Nuclear Regulatory Commission (NRC) in the United 
States: 

"High-level liquid radioactive wastes" means those aqueous 
wastes resulting from the operation of the first cycle sol
vent extraction system, or equivalent, and the concentrated 
wastes from subsequent extraction cycles, or equivalent, in 
a facility for reprocessing irradiated reactor fuels /1-5/. 

Definitions based on the level of radioactivity per unit volume 
have also been used /1-6/. 

Radioactivity and cooling requirements change with time during 
the handling and long-term storage of waste. For this reason, a 
definition of high-level waste based on the origin of the waste 
has been deemed most suitable. 

In the KBS Project, the "high-level waste obtained from repro
cessing" has been defined as: 

the waste with a high content of fission products which is 
obtained as the aqueous phase in the extraction process in 
the reprocessing of spent nuclear fuel. 

This high-level waste will be converted to vitrified form and 
eventually returned to Sweden. 

Other types of radioactive waste which can contain small quanti
ties of uranium and plutonium is also obtained from reprocessing. 
This long-lived "alpha waste" must be specially treated prior to 
final storage. Methods for this treatment are not dealt with in 
this report. Final storage of this waste can be effected in a 
manner which is similar to but simpler than that which has been 
proposed for high-level waste. Nor does the report deal with the 
use of the uranium and plutonium which is obtained from repro
cessing and which cannot be regarded as waste. The recovered ura
nium is reused in the production of nuclear fuel. The plutonium 
can also be used for this purpose. The use of plutonium extracted 
from Swedish nuclear fuel requires Government approval. 

In a special explication of the Conditions Act, the accountabili
ty requirements imposed on power plant owners for describing 
waste storage methods have been specified in greater detail. 
These requirements are sunnnarized below: 

1 It is the responsibility of the reactor owner to demonstrate 
concrete solutions to the waste problems associated with 
nuclear power production. 
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2 In order to be granted permission to commission nuclear re
actors, owners must demonstrate that the spent nuclear fuel 
and the high-level waste it contains will be handled in such 
a manner that the ecological system will not be damaged. The 
reactor owner must demonstrate a) how the spent nuclear fuel 
or waste will be handled, and b) that the handling method 
will provide adequate safeguards against harmful effects. 

3 The basic premise must be that the high-level waste from re
processing and the spent nuclear fuel which is not repro
cessed are to be kept separated and isolated from all forms 
of life. 

4 Detailed and comprehensive information must be provided for 
a safety evaluation. Thus, rough plans and sketches are not 
enough. In addition, it should be concretely specified: 

In what form the waste or the spent nuclear fuel will 
be stored. 
How the storage site will be arranged. 
How the spent nuclear fuel or waste will be transport
ed. 
Whatever other information is required in order to de
termine whether the proposed final storage can be deem
ed to be absolutely safe and practically feasible. The 
primary consideration here is whether the storage 
scheme can meet requirements for satisfactory radiation 
protection. 

5 The storage site shall permit the isolation of the waste or 
the spent nuclear fuel for as long a time as is required for 
the radioactivity to diminish to a harmless level. 

The possible dispersion of the waste or spent nuclear fuel 
to the biosphere as a result of natural processes, accidents 
or acts of war shall also be taken into account. 

6 It is not necessary that a storage facility is completed 
when the application for permission is submitted. 

THE KBS PROJECT 

Objective 

KBS was formed by the following four nuclear power utilities: 
Statens Vattenfallsverk (The Swedish State Power Board), Oskars
hamnverkets Kraftgrupp AB (0KG), Sydkraft AB and Forsmark Kraft
grupp AB (FKA) in order to meet the requirements of the Condi
tions Act which pertain to the handling and final storage of 
spent nuclear fuel or high-level waste. 

The objective of the KBS Project is: 

to demonstrate how high-level waste or spent fuel can be 
handled and finally stored, 

to demonstrate where a final storage of high-level waste or 
spent fuel can be situated, and 



1.3.2 

to describe the safety of the proposed arrangements for 
handling and storage. 

Organization 
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KBS is organized as an independent project within Svensk Karn
bransleforsorjning AB (SKBF - Swedish Nuclear Fuel Supplies 
Inc.). The work is being conducted in consultation and collabo
ration with organizations, corporations and institutions active 
within the field of radioactive waste handling or other technical 
fields of importance to the KBS Project. 

The KBS Project Board has the following members: 

Goran Ekberg, Sydkraft, Chairman 
Bo Aler, Atomenergi 
Olle Gimstedt, 0KG 
Lars Halle, Asea-Atom 
Jonas V. Norrby, Swedish State Power Board 
Erik Svenke, SKBF 
Ingvar Wivstad, KBS, Project Director 

Of these members, all except Lars Halle are also members of the 
Board of SKBF. 

The Project Management Group is responsible under the Board for 
the implementation of the project and is made up of the following 
persons from the power utilities: 

Ingvar Wivstad (from the Swedish State Power Board) 
Per-Erik Ahlstrom (from the Swedish State Power Board) 
Lars B. Nilsson (from 0KG) 

A technical committee with an advisory function is subjoined to 
the Project Management Group. Its members are: 

Olle Gimstedt, 0KG, Chairman 
Tage Arnell, FKA 
Lars Halle, Asea-Atom 
Yngve Larsson, Sydkraft 
Lars Ake Nojd, Atomenergi 
Erik Svenke, SKBF 

The KBS organization is illustrated in figure 1:1. 

The work has been directed by a central group of some 20 
persons consisting of the Project Management Group, programme 
leaders (for the programme specified in the organization plan, 
Pll etc.) and staff functions. In addition, some 450 persons were 
engaged through the contracting of consultants, corporations and 
researc~ institutions at technical institutes and universities. 
KBS has also collaborated with organizations in France, the 
United States and Canada which are active within the same field. 

The direction of the work, various alternatives and results were 
discussed in reference and working groups outside of the organi
zation itself. Through these groups, KBS was able to benefit from 
the experience of specialists and experts not directly engaged in 
the KBS project. 
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Project Management Group 

Project secretary 

Information secretary 

P 11 Safety analysis 

P12 Encapsulation 

P13 Glass studies 

P14 Reprocessing 

P19 Back-up studies 

Administration 

P 
21 

Design studies 
Final storage 

P
22 

Transportation 
technology 

P
23 

Stripa experimental 
station 

P
24 

Geology, hydrogeology 
seismology 

P25 Central fuel storage 

P29 Back-up studies 

Figure 1-1. Organization plan for the Nuclear Fuel Safety Project ( KBS ). 

The companies, institutions and experts engaged or consulted by 
the KBS Project are listed in Appendix 2 to this volume. 

Premises governing the work of the project 

According to agreements entered into with reprocessing companies, 
specific quantities of spent fuel from four reactor blocks in 
Sweden - Oskarshamn blocks 1 and 2, Barseback 2 and Ringhals 3 -
will be reprocessed. Some of the waste from this reprocessing 
will presumably be returned to Sweden for final disposal. 

Reprocessing agreements are currently lacking for other reactor 
blocks. It has not previously been possible to sign agreements 
for reprocessing of the fuel discharge from Swedish reactors 
after 1979. The uncertain international situation and the limi~ 
ted capacity of existing reprocessing facilities (chapter I:5) 
make it urgent to plan for a final storage of spent nuclear fuel 
without prior reprocessing as well. 

For these reasons, the KBS Project is considering both alterna
tives in the Conditions Act: The handling and final storage both 
of vitrified waste from reprocessed spent nuclear fuel and of un
reprocessed nuclear fuel. 

Development work on the final storage of high-level waste in 
other nuclear-power-producing countries has thus far been con
centrated on vitrified waste from reprocessing. These problems 
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have been studied primarily by countries with their own repro
cessing projects. As a rule, these countries plan to build 
storage facilities in salt formations, which are considered to be 
extremely stable and impervious to water penetration. The glass 
is enclosed in stainless steel containers and then emplaced in 
direct contact with the salt. 

In recent years, however, attention has been turned to the final 
storage of high-level waste in clays and crystalline rock. The 
Aka Committee /1-2/ found that Sweden's primary rock formations 
fulfil the necessary requirements for a safe final storage of 
radioactive waste. KBS has arrived at the same conclusion and has 
therefore concentrated its work on final storage in rock. 

The present report describes the handling and final storage of 
vitrified high-level waste from the reprocessing of spent nuclear 
fuel. A corresponding report on the handling and final storage of 
non-reprocessed spent nuclear fuel is planned for publication in 
the spring of 1978. A status report for this alternative is pro
vided in Appendix 1 of this volume. 



2 

2.1 

2 .1.1 

2.1. 2 

PREMISES AND ALTERNATIVE METHODS FOR 
MANAGING SPENT NUCLEAR FUEL AND 
VITRIFIED HIGH-LEVEL WASTE 

DATA FOR SPENT NUCLEAR FUEL 

Technical data 
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In order to generate energy in a nuclear reactor, the reactor is 
charged with uranium fuel which contains the fissionable isotope 
uranium 235. This fuel is consumed as energy is produced. Fission 
products and elements which are heavier than uranium are also 
formed. After some time,new fissionable material must be supplied 
and the spent fuel must be taken out of the reactor. Normally, 
roughly 1/3 of the fuel is replaced each year in a pressurized 
water reactor (PWR) and 1/5 per year in a boiling water reactor 
(BWR). 

A BWR such as Forsmark 1 produces approximately 220 kWh of elec
trical power from each gramme of uranium. The corresponding value 
for a PWR is approx. 260 kWh per gramme of uranium. The composi
tion of the fuel changes during the operation of the reactor. The 
spent fuel discharged from the reactor consists of: 

Uranium-235 
Uranium-236 
Uranium-238 
Fissionable plutonium 
Other plutonium 
Other transuranic elements 
Fission products 

BWR 
0. 7 % 
0.4 % 

95.2 % 
0.5 % 
0.2 % 
0.05% 
2.9 % 

PWR 
0.9 % 
0.4 % 

94.1 % 
0.8 % 
0.3 % 
0.08% 
3.4 % 

The newly-formed elements are generally unstable and decay to 
form stable atoms while emitting radiation. The radiation from 
the spent fuel comes mainly from fission products and diminishes 
as the elements decay. The content of radioactive elements, their 
half-lives and the heat generated in the spent fuel are dealt 
with furLher in I:13.3. 

Quantities~ spent fuel 

The expected quantities of spent nuclear fuel discharged from the 
world's civilian nuclear energy production is dependent on the 
rate of construction of new reactors. 
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Table 2-1 shows the planned schedule for the construction of 
light-water reactors (PWR.s and BWRs) in some countries up to 
1990. These countries are expected to account for more than 85% 
of the world's total installed electric power generating capacity 
in the form of light-water reactors in 1980 (Eastern Europe and 
China not included). The figures are from the Nuclear Assurance 
Corporation's report of July 1977 /2-1/. The figure of 9.4 
GW(e) for Sweden is based on the assumption that 12 reactors will 
be in operation by 1985. 

Table 2-1 

Expected power generating capacity of light-water reactors sche
duled for construction up to 1990 in GW(e) for each country and 
year. 

Country 1976 1980 1985 1990 

Sweden 3.2 7.4 9.4 
Finland 0.4 2.2 3.2 4.2 
France 0.3 14.9 39.9 58.1 
West Germany 4.0 13.0 25.5 42.0 
USA 40.1 76.0 158.0 225.0 
Japan 6.9 14.6 30.1 59.0 

Table 2-2 gives the quantities of spent nuclear fuel based on the 
expected construction schedule. Fuel discharge is assumed to be 
28 tons of uranium per GW of installed electrical output. 

The tabulated years refer to the years in which the reactor is 
charged with fuel. The fuel is discharged some 2 years later. 
Less fuel is discharged in the initial period of operation of a 
reactor, causing deviations from the equilibrium state assumed in 
the table. 

Table 2-2 

Quantity of spent fuel in state of equilibrium, based on the fi
gures in table 2-1 (tons of uranium per year). 

Country 1976 1980 1985 1990 

Sweden 90 210 260 
Finland 11 62 90 120 
France 8 420 1100 1600 
West Germany 110 360 710 1200 
USA 1100 2100 4400 6300 
Japan 190 410 840 1700 

In 1985, the quantity of spent nuclear fuel in Sweden would 
comprise approximately 4% of the total quantity of nuclear fuel 
from light-water reactors in these countries. 
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Quantities of spent fuel in Sweden 

Table 2-3 gives the expected accumulated quantity of spent fuel 
obtained from the operation of the 13 reactor blocks specified 
by the 1975 Swedish Parliament as the framework for Sweden's 
nuclear power plant programme up to 1985. The table also shows 
the accumulated quantity from the 6 reactor blocks in operation 
in 1977. The dates assumed for the start-up of the uncommissioned 
blocks are: 

Ringhals 3 
Forsmark 1 
Ringhals 4 
Forsmark 2 
Forsmark 3 
Oskarshamn 3 
Unit 13 

1978 
1978 
1979 
1980 
1984 
1984 
1986 

It is assumed that Barseback 2 will continue to operate and that 
the availability factor for all blocks will be 60% during the 
first three years and 70% thereafter. 

Table 2-3 

Accumulated quantities of spent fuel in tons of uranium from the 
operation of 6 or 13 reactors in Sweden. 

At year-end Reactors in operation 
1-6 1-13 

1977 28 28 
1978 120 120 
1979 270 280 
1980 380 420 
1981 470 600 
1982 570 790 
1983 670 980 
1984 770 1200 
1985 870 1400 
1990 1400 2700 
1995 1900 4000 

The annual quantities of spent nuclear fuel from the currently 
operative Swedish reactor blocks are given in table 2-4. 
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2.2.1 

Table 2-4 

Annual quantities of spent fuel from operative Swedish reactors 
in metric tons of uranium. (R = Ringhals, 0 = Oskarsharnn, B = 
Barseback) 

Year of Discharge Rl R2 01 02 Bl B2 

1977 13 15 
1978 25 15 15 35 
1979 42 29 15 17 18 32 
1980 23 19 12 16 18 18 
1981 21 18 12 16 17 16 
1982 21 18 12 16 17 16 
1983 21 18 12 16 16 16 
1984 21 18 12 16 16 16 
1985 etc. 

ALTERNATIVES FOR FUEL MANAGEMENT 

General 

Energy production in a reactor consumes fissionable material 
while forming waste products so that some of the fuel must be re
placed. The spent fuel from a reactor contains: 

unconsumed uranium from which additional energy can be ex
tracted, 
plutonium formed in the process, which can also be used for 
further energy production, 
elements formed by nuclear fission (fission products) or by 
neutron capture in uranium (transuranium elements) and which 
cannot be utilized for energy production in nuclear reac
tors. It is isotopes of these elements which are responsible 
for most of the radiation from the high-level waste. 

Before further energy can be obtained from spent nuclear fuel, 
fission products and transuranium elements must first be separat
ed from the uranium. This process is called reprocessing. After 
reprocessing, uranium and plutonium can be reused for fuel pro
duction while the remainder comprises waste. The high-level waste 
(which consists of fission products and transuranium elements se
parated in the extraction cycle in the reprocessing process) is 
converted to solid form by the addition of vitrifying substances. 
The vitrified waste must be stored with absolute safety for ave
ry long period of time. 

If the spent fuel is not reprocessed, all of the fuel constitutes 
waste which, following suitable treatment, must be stored. This 
form of handling of spent nuclear fuel is called direct disposal 
and also requires storage with absolute safety for a long period 
of time. 

In order to avoid making a commitment to a specific method of 
handling which may require highly capital-intensive investments 
and binding agreements, reactor-owners may store the spent fuel 
for a long periods of time in the expectation that one of the al
ternatives will display clear advantages over the others. 
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The reprocessing alternative 

After the fuel has been removed from the reactor, it is allowed 
to cool for a certain period of time in the station's spent fuel 
pool and may also be stored in a central storage facility for 
spent nuclear fuel. After this, it is transported to a reprocess
ing plant, where the fuel is reprocessed after some more years of 
storage. The fuel rods are chopped into short pieces and treated 
with acid, which dissolves the fuel. The fuel cladding is not 
dissolved and is removed. Uranium and plutonium are separated 
from the other elements by means of extraction with organic sol
vents. 

The recovered uranium can be enriched in a manner similar to na
tural uranium and then reused as a nuclear fuel. 

Plutonium in the form of a mixed oxide can also be used as 
nuclear fuel, in which case it replaces some of the otherwise 
necessary quantity of uranium-235. Through this recycling pro
cess, the uranium enrichment requirement is ~educed by 15-20%. 
Reusing plutonium and uranium reduces the natural uranium re
quirement by 30-35%. Plutonium can also be stored for future use 
as fuel in breeder reactors. The separated high-level waste is 
stored for several years in liquid form in tanks, after which it 
is converted to solid form by the addition of vitrifying sub
stances. The glass is then stored for a number of dec~des in or
der to allow the rate of heat generation of the waste to drop, 
after which it is encapsulated for final storage. The basic 
handling chain is illustrated schematically in figure 2-1. 

Fuel production 

Enrichment 

Uranium 

Natural uranium 

(Plutonium) 

Reprocessing 

Energy generation 
in reactor 

Storage of spent fuel 

t------9► Low- and medium-level 
waste 

High-level waste 

Vitrification 

Intermediate storage 
and encapsulation 

Final storage 

Figure 2-1. The reprocessing alternative. Flow scheme for the fuel cycle with reprocessing of spent 
fuel and vitrification of the high-level waste. 
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2.3 

2.3.1 

There are currently 4 reprocessing plants in operation in Western 
Europe. Two of these, La Hague in France and WAK in West Germany, 
can reprocess fuel from light-water reactors, while Marcoule in 
France and Windscale in Great Britain mainly reprocess fuel from 
gas-graphite reactors. Three new reprocessing plants are current
ly in the planning and design stage. Total available capacity for 
the reprocessing of fuel from light-water reactors in the 1980s 
will not meet the demand. Consequently, additional capacity for 
the storage of spent fuel is planned. 

In the USA, the licensing of privately-owned reprocessing plants 
for civilian purposes has been postponed indefinitely, as has 
permission for the recycling of plutonium into the fuel cycle. 
Reprocessing and solidification are dealt with in greater detail 
in chapter 1:5. 

The direct disposal alternative 

The risk that plutonium may be stolen for use in terrorist ac
tions or for unauthorized weaponry is cited as an argument 
against the processing of spent fuel which produces pure plutoni
um at any stage. It is also feared that a proliferation of repro
cessing technology will increase the risk for an accelerated pro
liferation of nuclear weapons. 

The United States has taken the initiative for an international 
evaluation of the nuclear fuel cycle with regard to the risk for 
the proliferation of nuclear weapons (International Nuclear Fuel 
Cycle Evaluation, INFCE). One alternative course of action for 
the handling of spent nuclear fuel which should reduce this risk 
and which is also being considered in the United States is to re
gard the spent fuel as waste, i.e. not to separate and reuse ura
nium and plutonium (direct disposal). 

In this case, the fuel is first stored to allow its radioactivity 
to decay. Prior to final storage, the fuel is encapsulated in a 
highly durable material which forms a barrier against the escape 
of radioactive elements to the environment. The waste is finally 
deposited in a final repository. The basic handling chain for the 
direct deposition alternative is illustrated in figure 2-2. 

STORAGE TIMES AND QUANTITIES OF VITRIFIED WASTE 

Storage times for spent nuclear fuel 

The expected quantities of spent nuclear fuel from Swedish 
nuclear power blocks were given in 2.1.3. 

An agreement for the reprocessing of spent fuel has been conclud
ed between 0KG and BNFL in Great Britain with regard to Oskars
hamn 1 and 2 and between SKBF and COGEMA in France with regard to 
Barseback 2 and Ringhals 3. These agreements apply to fuel which 
is discharged during the 1970s. 

The power stations have some storage capacity in existing spent 
fuel pools. This capacity can be expanded by the acquisition of 
new fuel racks which permit a more compact emplacement of the 
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Figure 2-2. The direct deposition alternative. F/,ow scheme for the fuel cycle with direct storage 
of the spent fuel without reprocessing. 

fuel elements. Table 2-5 gives the earliest dates by which the 
fuel must be removed from the various units, assuming an expanded 
storage capacity in the pools and a retained reserve capacity for 
unloading the complete reactor core. 

Table 2-5 

Dates for earliest required removal of spent fuel. 

Reactor unit First shipment 
Year 

Oskarshamn 1 1984 
Oskarshamn 2 1983 
Ringhals 1 1984 
Ringhals 2 1983 
Ringhals 3 1989 
Ringhals 4 1990 
Barseback 1 1984 
Barseback 2 1985 
Forsmark 1 1987 
Forsmark 2 1989 

(From: PRAV, Central storage facility for spent fuel; a prelimi
nary study, 1977). 

In order to provide additional storage capacity for $wedish spent 
nuclear fuel pending shipment for either reprocessing or final 
storage of the un-reprocessed fuel, a central storage facility 
for spent fuel is required. A preliminary study of such a facili
ty has been carried out by the National Council for Radioactive 
Waste Management (PRAV). The study was published in July 1977 
/2-2/ and is discussed in greater detail in I:4. According to 
this study, the fuel storage facility should be designed for 
3 000 tons of spent fuel. 
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2.3.2 Quantities of vitrified waste 

When the fuel in a reactor is replaced, the spent fuel elements 
are placed in pools at the station in order to permit short-lived 
radioactive elements to decay. After storage for at least 6 
months and (if needed) storage in a central storage facility for 
spent fuel, the fuel is transported to a reprocessing plant. The 
fuel is stored for approximately 1 year in the plant's reception 
pools prior to reprocessing. The reception pools serve mainly as 
a buffer store for the reprocessing plant, so the storage time in 
these pools can vary. During the early 1980s, the shortage of re
processing capacity may result in long storage times. 

Uranium and plutonium are separated and can be reused in the fab
rication of new fuel or stored. The separated high-level waste is 
concentrated and stored in liquid form in tanks equipped with 
cooling systems. It is converted to solid form by the addition of 
vitrifying agents, after which the waste glass is cast in steel 
cylinders. 

Under the terms of signed and planned reprocessing agreements 
with COGEMA, the waste cylinders will be returned to Sweden not 
earlier than 1990. If 13 reactors are commissioned and all of the 
fuel is reprocessed, no more than the following quantities of 
vitrified waste can have been returned to Sweden. The figures are 
based on 150 litres of vitrified waste per ton of uranium in the 
spent fuel. 

Year 

1989 
1990 
1995 
2000 

Number of waste 
cylinders 

0 
280 

1 200 
2 700 

Quantity of Corresponding 
waste in m3 quantity of fuel in 

tons of uranium 

0 0 
42 280 

180 1 200 
400 2 700 
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HANDLING AND STORAGE OF VITRIFIED WASTE 
FROM SWEDISH REACTORS 

SWEDISH ALTERNATIVES AND COMBINATIONS 

General 

As was pointed out in the introduction, Swedish work is being 
concentrated on the final storage of radioactive waste in crys
talline rock formations. One of the problems which must be taken 
into account here is the possibility that the water in the bed
rock could eventually penetrate the encapsulation material around 
the waste and come into contact with the actual vitrified waste 
itself. The waste is emplaced at a depth of several hundred 
metres in rock of low permeability where it can safely be assumed 
that the water will move extremely slowly (see chapter 1:7). Ion 
exchange reactions and other chemical processes ensure that the 
dispersal of most radioactive substances which are dissolved in 
the water takes place at a much slower rate than the movement of 
the water. 

Knowledge regarding the movement of water and chemical conditions 
in rock at depths of several hundred metres was extremely limited 
when the KBS Project was started. KBS is therefore conducting ex
tensive investigations into these subjects. A data base of limit
ed scope has been assembled in the available time. In evaluating 
the safety of waste storage, it is therefore necessary to make 
conservative assumptions with regard to water movement and chemi
cal reactions at great depths. In order to demonstrate today how 
the vitrified high-level waste can be finally disposed of with
out risking unacceptable dispersal of radioactive substances, a 
system involving a number of barriers against such dispersal is 
proposed. 

Proposed alternative 

The method for handling spent nuclear fuel which is presented in 
this report is based on the following principles: 

1 Final storage of the waste in precambrian crystalline bed
rock. 

2 A series of barriers against dispersal of the radioactive 
substances from the final repository. 
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3 Flexibility in the handling chain in order to preserve free
dom of action and permit the application of further 
technical developments. 

No technical-economical optimization of tte facilities, handling 
methods and final storage method has been ·carried out. 

The following handling chain is proposed irr order to ensure a 
safe final storage of the high-level waste and simultaneously re
tain high freedom of action and adaptibility to future technical 
developments: 

1 After the spent nuclear fuel has been allowed to cool for at 
least 6 months at the power stations, it is transported to a 
reprocessing plant or to a central storage facility for 
spent fuel. 

2 The fuel can be stored at the central fuel storage facility 
for up to about 10 years in water-filled pools. The design 
of the central fuel storage facility is described in chapter 
I:4. From the central fuel storage facility, the fuel is 
transported to reprocessing. 

3 The fuel is reprocessed 2-10 years after it has been taken 
out of the reactor and the high-level waste from reprocess
ing is converted to solid form - vitrified. (See chapter 
I:5.) Vitrification is carried out using the French AVM pro
cess, which is now applied on an industrial scale. 

4 The product of vitrification is high-activity cylindrical 
glass bodies enclosed in vessels of stainless steel - waste 
cylinders. Each cylinder contains the waste from approxi
mately 1 ton of uranium. The cylinders are stored at the re
processing plant until at least 10 years has passed from the 
time the fuel was discharged from the reactor. According to 
current agreements, Sweden has to take back waste from re
processing in 1990 at the earliest. The properties of the 
glass are described in greater detail in chapter I:5. 

5 From the reprocessing plant, the waste cylinders are shipped 
to an intermediate storage facility for high-level waste. 
This is designed as an air-cooled dry storage facility situ
ated in rock with an approximately 30 m thick rock cover 
(see chapter I:6). The waste can be stored in this manner 
for a very long period of time. The capacity of the central 
fuel storage facility and the intermediate storage facility 
is sufficient to store waste from 13 reactors. A period of 
30 years has been chosen for storage in the intermediate 
storage facility. This ensures plenty of time for optimiza
tion of the final storage method. Intermediate storage can 
also be extended beyond 30 years. Over a 30-year period, 
radiation and heat flux from the waste declines to about 
half. 

In this study, the intermediate storage is assumed to be 
located adjacent to the final repository. This is not, how
ever, intended as a necessary restriction of the location of 
an intermediate storage facility (see chapter I:11). 
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6 After 30 years of storage in the intermediate store, the 
waste cylinders are encapsulated in an extremely durable 
casing. The casing is made of titanium and is 6 mm thick. In 
order to reduce radiation through the titanium casing and 
thereby the radiolytic disintegration of the groundwater in 
the rock, a 10 cm thick layer of lead is inserted between 
the stainless steel cylinder surrounding the glass and the 
titanium casing. Lead also possesses excellent durability. 
The entire canister is shown in figure 3-1 and described in 
greater detail in chapter I:6. The total weight of the waste 
cylinder and the casing is approximately 3.9 metric tons. 
The external dimensions of the canister are approximately 
0.6 m diameter and 1.8 m length. 

7 The encapsulated waste is then taken to a final repository 
approximately 500 m down in the bedrock. The repository is 
designed as a system of tunnels approximately 3.5 m wide and 
high and spaced at approximately 25 m intervals. Storage 
holes approximately 1 m in diameter and 5 m deep are drilled 
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Figure 3-1. Lead-titanium canister. Waste cylinder with vitrified high-level waste enclosed in a 
canister of lead and titanium. Total weight approx. 3900 kg. 



32 

in the floors of the tunnels. One waste canister is stored 
in each hole. The centre-to-centre distance between the hol
es is approximately 4 m. The layout of the tunnel system 
with holes is illustrated in figures 3-2 and 3-3. A buffer 
mass consisting of a mixture of quartz sand and bentonite is 
packed around the waste canister. Bentonite is a clay which 
swells when it absorbs water. The primary purpose of the 
buffer mass is to fix the canister and to serve as a mecha
nical barrier. The material has been chosen for its mechani
cal stability and high durability. It also possesses low 
water permeability and an ion-exchanging capacity for many 
of the radioactive elements in the waste. The final reposi
tory is described in chapter I:8. 

8 Backfill of the storage holes with buffer mass takes place 
immediately after deposition. Overlying tunnel systems can 
be kept open and ventilated as long as deposition is pro
ceeding in the facility. During this time, retrieval of the 
deposited waste is in principle a simple matter. Such re
trieval has not been studied more closely since it is better 
to extend storage in the intermediate store in case of doubt 
with regard to starting final storage. Such doubt may stem 
from current technical developments in the field of alterna
tive uses for the waste products or a desire to await prac
tical experiences from foreign facilities for final storage. 

9 After all bore holes in the entire tunnel system have been 
filled with canisters, the tunnels are filled with a mixture 
of quartz sand and bentonite similar to that used in the 

1 Main shaft 
2 Skip shaft 
3 Ventilation shaft 
4 Hoist shaft for waste canisters 
5 Receiving and encapsulation station 
6 Intermediate storage facility 
7 Final repository 

Figure 3-2. Perspective drawing of final repository with plant for intennediate storage and 
encapsulation. The final repository consists of a system of parallel storage tunnels situated 500 m 
below the surface. 



0 
0 
U'l ,., 

3500 

33 

Quartz sand 80-90 % 

0 
0 

~ 

0 
0 
a, 
N 

0 

al 

0 
0 ,., 

.~~~.fi"'
Bentonite 10-20 % 

Vitrified waste 

Lead 

.__, _ __,___j. __ Titanium lid 

4>612 

<1>1000 
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storage holes. Access tunnels and shafts are filled in a 
similar manner. 

10 Spent nuclear fuel can be transported using techniques which 
are already in use and have already proved their worth. With 
some slight modification, the same transport casks can be 
used for the transportation of vitrified high-level waste. 
The safety aspects of transporting high-level wastes are 
regulated by IAEA regulations. Transportation is dealt with 
in chapter I:9. 

The handling chain is illustrated by figure 3-4. The dates and 
quantities given in the figure merely illustrate the interrela
tion of different types of storage facilities for a nuclear power 
progrannne of the scope outlined in the 1975 parliamentary 
resolution, i.e. with 13 light-water reactors in operation by 
1985. If these reactors are operated for 30 years and if all 
the spent fuel is reprocessed, a total of approximately 9 000 
waste canisters will be obtained and will have to be disposed 
of. A change in the assumed scope of nuclear power production in 
Sweden would require modification of the quantities specified in 
the figure. But the time schedule for the implementation of the 
various phases would only be altered slightly. 
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Barriers against dispersal of radioactive substances 

The proposed handling chain ensures the safe handling and final 
storage of the high-level waste. This is shown in greater detail 
in chapter 1:13. Dispersion of the radioactive substances from 
the final repository is prevented or retarded by the following 
means: 

The radioactive elements are bound chemically in a glass 
which possesses high resistance to dissolution in water un
der the conditions prevailing in the final repository. 

The high-level waste glass is enclosed in a canister con
sisting of three successive metallic layers: 

3-4 mm stainless steel 
100 mm lead 

6 mm titanium 

Under the conditions prevailing in the repository, both ti
tanium and lead possess outstanding resistance to penetra
tion, so it is unlikely that water will come into contact 
with the actual waste glass for many millenia after deposi
tion (see chapter I:6). 

The buffer material which surrounds the waste canister 
possesses good stability and very low water permeability. 
The circulation of water around the canister will therefore 
be roughly the same as in the surrounding rock. 

The buffer mass and the rock have an ion-exchanging capacity 
so that many radioactive substances would, if they were 
dissolved in the groundwater, be dispersed much more slowly 
than the rate of flow of the water. 

The rock formation chosen for the location of the storage 
tunnels must be selected with care. Groundwater movements 
must be small and have such a direction that it takes a long 
time for the water to flow from the final repository into 
areas in contact with the ecological system. The geological 
surveys carried out by the Geological Survey of Sweden (SGU) 
for KBS have shown that primary rock formations possessing 
the desired characteristics exist in Sweden (see chapter 
I: 7). 

The Finnsjo region 16 km west-southwest of the Forsmark nuclear 
power station has been used in this report to provide certain 
studies with a geographical point of reference. This does not 
mean that this region is actually being proposed for the site of 
a future final repository. 

FLEXIBILITY AND DEVELOPMENT POSSIBILITIES 

The handling chain proposed here entails considerable flexibility 
with regard to future options and technical development. 

A central fuel store with the proposed capacity will permit con
siderable flexibility with regard to the quantities of spent 
nuclear fuel which may be scheduled for reprocessing over the 
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next 10 years. In the present situation, with a shortage of re
processing capacity and a monopoly situation in this area, such 
flexibility is essential. The current debate regarding the future 
use of plutonium also makes a flexible strategy desirable. 

One advantage of being able to postpone a final decision on the 
question of large-scale reprocessing is the fact that new methods 
for converting the waste into solid form may be developed. These 
new methods may make final storage simpler and less expensive. 

An intermediate storage facility for high-level waste provides 
extra time for a technical-economical optimization of the final 
storage method with unimpaired high safety. The time for final 
storage can be chosen when the results of the development work 
which is currently in process in various countries are available. 
The final storage site can be selected on the basis of thorough 
investigations of all the ecological, technical, economic and so
cial factors which are of importance. The suitability of the site 
can be verified and demonstrated to the public by means of long
term tests. Studies concerning methods for utilizing the waste 
products can also be conducted. 

The canister may be made of other materials than titanium and 
lead. The materials discussed in the status report on direct dis
posal (Appendix 1), i.e. copper or aluminium oxide (corundum, 
Al2o3), may be suitable for use in the encapsulation of vitrified 
waste. 

It is hoped that future hydrogeological studies will reduce 
current uncertainty with regard to water movements etc., whereby 
simpler encapsulations may prove to be satisfactory. The tunnel 
system and the emplacement of the waste canister have been chosen 
on the basis of conservative considerations. Further data on the 
properties of the rock will probably permit a more closely packed 
storage of canisters as well as multi-level storage. Studies of 
the design of the final repository in other respects may also 
prove necessary in order to find simpler and cheaper solutions. 
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CENTRAL STORAGE FACILITY FOR SPENT FUEL 

Power Station Central Storage Reprocessing Intermediate 
Storage 

NEED FOR CENTRAL STORAGE FACILITY FOR SPENT FUEL 

Encapsulation 

Final Storage 

All nuclear power plants have storage pools for spent nuclear 
fuel. These pools are needed so that the fuel in the whole reac
tor core can be taken out if necessary and so that spent nuclear 
fuel can be stored before it is sent oP. to reprocessing or 
further storage elsewhere. The spent fuel pools must be installed 
close to the reactor. Space here is limited and the pools norm
ally only have room for at most 2 or 3 years spent fuel above and 
beyond space for the temporary removal of the reactor core fuel. 
This capacity is fully adequate, provided that there is good 
access to reprocessing capacity or storage space. This has not 
been the case in the past. Sweden, along with other countries 
with nuclear power, must therefore expand its storage capacity 
for spent nuclear fuel. Additional storage capacity can be creat
ed in three ways: 

The storage capacity of existing pools can be expanded, al
though only to a limited extent. 
New pools can be built at every nuclear power plant. 
A central fuel storage facility serving a number of nuclear 
power plants can be built. 

The latter alternative has been chosen as the best means of en
suring sufficient storage capacity in the long run. Compared with 
the total cost of storage facilities at each nuclear power plant, 
a central storage facility is considerably cheaper. Installations 
which depend not at all or only slightly on the size of the stor
age facility need only be built at one site. This applies, for 
example, to a receiving station for transport casks and to most 
of the auxiliary systems, both of which comprise sizable cost 
items. On the other hand, the transportation equipment required 
for a central storage facility is more expensive. However, the 
additional cost for transportation equipment is only approximate
ly 10% of the total cost for a central fuel storage facility, so 
a saving on this item would not compensate for higher costs in 
the other areas. 

Obviously, the amount of storage capacity which is required de
pends on how much fuel is to be sent for reprocessing and when 
this can be done. Regular shipments of fuel for reprocessing will 
hardly be possible before the available reprocessing capacity in 
Europe has been expanded so that it is in equilibrium with the 
annual production of spent nuclear fuel. This will probably occur 
no sooner than the late 1980s. Transports may also be delayed by 
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the fact that other countries have considerable quantities of 
fuel awaiting reprocessing. Thus, it is important from the view
point of both preparedness and negotiating strength that the 
central spent fuel storage facility be large enough to meet Swe
dish needs through the early 1990s. This corresponds to a storage 
capacity of 3 000 metric tons of uranium. It is assumed that the 
facility will be located near a harbour. 

DESIGN OF FACILITY 

Description of facility 

When PRAV (the National Council for Radioactive Waste Management) 
was formed at the suggestion of the Aka Committee its work sche
dule included a preliminary study of a central storage facility 
for spent nuclear fuel. This preliminary study was carried out 
under the guidance of PRAV during 1977 by personnel from SKBF and 
the Swedish nuclear power utilities. The description given here 
is based on PRAV's preliminary study. PRAV has now handed the ma
terial over to SKBF, who are responsible for continued work on 
the planning and design of the fuel storage facility and applica
tion for siting approval. Certain parts of the facility may be 
subject to modification in this connection. 

Most of the facility will be situated underground with a rock 
cover approximately 30 metres thick to provide protection against 
external forces such as acts of wars and sabotage. 

The receiving and storage section is situated in a rock cavern 
approximately 280 m long and 20 m wide. Its height varies between 
25 and 35 m. A smaller rock cavern is built parallel to this one 
to accommodate auxiliary systems, mainly electrical systems. A 
transept containing the plant control centre and communications 
and changing rooms will connect the two caverns. The subsurface 
facility will be connected to the surface building by means of a 
vertical shaft. Besides personnel transports, the vertical shaft 
will also be used to carry ventilation ducts, cables and pipes. 
Heavy transports will take place via a descent tunnel. 

The surface building will accomodate offices, personnel quarters, 
auxiliary power units, ventilation fans and a seawater cooling 
system. 

The construction and function of the facility is described in 
greater detail in chapter III:3. 

In terms of function, the facility can be divided into a receiv
ing section, a storage section and an auxiliary systems section 
(see figure 4-1). 

The receiving section contains an area for transport vehicles, 
where the arriving transport cask is inspected externally, after 
which it is lifted off the vehicle and placed in a holding pen. 
The cask is then cleaned externally, after which it is connected 
to a water loop for internal cooling and cleaning. The transport 
cask is then transferred to a discharge pen (reception pool), 
where the cask is opened and the fuel elements are lifted out one 



i 
~ 
+. 
!---

~ .... 
i3 
~ .... 
;;;· 
('1, 

§< 
I:> 
~ 
~-
~ 
s. 
('1, 

r:, 

~ .... 
~ ~ "' ci 
~ 
~ 
~ 
r:, 
:::.: ~-
a" .... 
i3 
~ .... 
? 
('1, 
i-

&&d._.· 
,•\.,, -~J~J![P•: 

~~ '~~ 
i~-~•'""~ 

:!~· .·'¾., 
_.., _"L . f'~ 

'r-1., ~~4' 
. / ___ -:,./ 

~ 
~ "'ll,;.""'ll,,,. 

it. """1¼: 
~I\;~ 
--, ~ 
=u.- ''-

~- > 
''1-~B 

- I 
I 

f 
' i 
· Overhead era 
1 tuel handling 

ry systems are 
a smaller t 

// -~,,..-;_,.,. 

,,,__,,.;;, 

\ 
verh 

-/,~'-._~·:' 

:> ~ / . ~ '<ll '-/~/ Pool for trans 
g and cooling~[" ~ / fuel from cask to 

transport casks ,&t)>✓- .4~1// cassettes 

/ ~ ~'-Yi",,, ~// 
,,><<~~ ------~/ 

olding 
ansport cask 

\ 

. 
All handling of the 
spent fuel takes place 
under water 

/>·<overhead crane for 
cassettes 

... J} 
Storage pools 
There are 6 storage pools, 
each of which C?jltains 
approx. 2000 m of water, 
The water temp. will be 
20-30°C. 

VJ 
'-0 



40 

4.2.2 

4.2.3 

4.2.4 

by one by a handling machine. The elements are then placed in 
special cassettes. 

The receiving section also houses areas and equipment for chang
ing and cleaning the transport cask linings. 

The cassettes with the fuel elements are transferred to the stor
age section in a water-filled conveyor channel by means of a 
handling machine. 

The storage section consists of 6 water-filled pools with a water 
depth of 12 m. 

The auxiliary systems section contains cooling and cleaning sys
tems for the receiving and storage sections and systems for 
handling the radioactive waste. Electrical power systems and mo
nitoring and ventilation equipment are located separate from the 
radioactive systems. 

Reasons for storage in rock 

The facility is located in rock for environmental and safety 
reasons. A rock cavern with a 30 m rock cover provides good pro
tection against damage due to acts of war and sabotage. Since 
there is good bedrock at the sites which are being considered for 
a central fuel store, the cost difference between a rock-enclosed 
facility and a surface facility with a corresponding level of 
protection is small. Since the buildings are large, a surface in
stallation would have considerable impact on the landscape pro
file. 

The above-stated reasons for locating the facility in rock apply 
especially to the storage section, while the receiving section 
could be located on the surface. Such a solution is being studied 
in connection with the planning of a central storage facility. 

Expandability 

The design concept of the facility with the storage pools arrang
ed one after the other as separate units provides ample opportu
nity for expansion in stages. The rock caverns are blasted and 
the auxiliary systems are designed in such a manner as to facili
tate future expansion. 

Should the need arise for additional storage capacity during the 
1990s, a similar facility can be built adjacent to the one which 
is now being planned. Potential for future expansion is being 
taken into consideration in the evaluation of alternative sites. 

Service life and decommissioning 

It is estimated that the central storage facility will have an 
economic life of approximately 60 years. This does not mean that 
the facility will no longer be useful for its purpose after this 
time. Continous maintenance and renovation of machinery and 
equipment can prolong this life. 
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When the central storage facility has served out its life, de
commissioning is facilitated by the location of the facility in 
rock. Decommissioning may proceed as follows: 

Fuel is removed to another storage facility, to reprocessing 
or to direct disposal. 
Active components other than fuel are removed to final depo
sition. 
The facility is thorougly decontaminated. Scrap and building 
components which constitute low- and medium-level waste are 
taken away for disposal. 

The facility can then be used once again for nuclear or other ac
tivities. If the rock caverns are not to be utilized for other 
purposes but rather sealed off, the work of dismantling and de
contaminating can be reduced. 

The decommissioning of a central fuel storage facility poses few
er problems than the decommissioning of a nuclear power plant. 
This is primarily due to the fact that the central storage faci
lity does not contain heavy equipment or permanent installations 
which are highly radioactive. 

OPERATION OF FACILITY 

A central store for spent nuclear fuel will be under the supervi
sion of the same authorities as a nuclear power plant, namely the 
National Nuclear Power Inspectorate, the National Institute of 
Radiation Protection etc. These autohorities issue directives and 
regulations governing both the design and the operation of the 
facility. 

Administrative surveillance of the fuel will be carried out under 
the supervision of the Swedish Nuclear Power Inspectorate (SKI) 
and the International Atomic Energy Agency (IAEA). 

The operating personnel, an estimated 100 or so persons, will re
ceive both theoretical and practical training in matters such as 
radiation protection, criticality, design and function of systems 
and components and operating and maintenance technology. Practi
cal training of the personnel will include on-the-job duty with a 
special emphasis on fuel handling at operative nuclear power 
plants. 
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REPROCESSING AND SOLIDIFICATION 

Power Station Central Storage 

INTERNATIONAL REVIEW 

Reprocessing Intermediate 
Storage 

Current situation for reprocessing in Europe 

43 

Encapsulation 

Final Storage 

There are currently fo1u reprocessing plants in operation in 
Western Europe, and design work has been started on an additional 
three. 

The first French reprocessing plant, UPl in Marcoule, was built 
to reprocess fuel from the gas-cooled graphite-moderated reactors 
in Marcoule. It was completed in 1958 and has been in operation 
since that time. Marcoule will now gradually take over the repro
cessing of fuel from other French reactors of this type as well, 
which was formerly done in La Hague. Marcoule also reprocesses 
fuel from a French heavy-water reactor and some fuel from the 
Phenix breeder reactor. The reprocessing capacity of the plant at 
Marcoule is approximately 1 000 metric tons per year. The PIVER 
plant in Marcoule has been batch-producing high-level glass since 
1969. The high-level glass has been cast in containers made of 
chromium-nickel steel. At present, vitrified waste with an acti
vity of around 5 million curies is stored in a subsurface air
cooled concrete storage facility in Marcoule. 

The other French reprocessing plant, UP2 in La Hague, started 
routine operation in 1967. From the start, the plant was intended 
for the reprocessing of fuel for the gas-graphite reactors. In 
1971, the construction of a "head end" for the reception, chopp
ing and dissolution of light-water reactor fuel was commenced at 
La Hague. The plant for the separation of uranium, plutonium and 
high-level waste is the same for gas-graphite fuel and light
water reactor fuel. The plant is currently operated alternately 
with either one or the other type of spent fuel. Trial operation 
of this section began in 1976, when 15 tons of fuel from the 
Swiss boiling water reactor in Miihleberg were reprocessed. The 
next operating period with light-water reactor fuel will begin at 
the end of 1977. The strike at La Hague in the autumn of 1976 has 
delayed the operating schedule. 

In November of 1976, the French government-owned nuclear fuel 
company COGEMA and its personnel organizations appointed an ex
panded committee for hygiene and safety with directives to pro
pose improvements in the working environment. In June of 1977, 
this committee published a report with proposals for improvements 
in the working environment covering 47 points which were to be 
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implemented by 1981. COGEMA has decided to implement this pro
gramme in its entirety. Some of the proposals have already been 
put into effect. 

The capacity of the plant at La Hague is 1 000 metric tons of 
gas-graphite reactor fuel per year. Starting in 1978, the plant 
will gradually shift emphasis to the reprocessing of light-water 
reactor fuel. The capacity of the plant for such fuel is 400 tons 
of uranium per year. This capacity will be increased to 800 tons 
per year as of 1981 by means of supplementary installations. 

The British reprocessing plant in Windscale, which is owned by 
the National British Nuclear Fuels Ltd. (BNFL) was commissioned 
in 1964. It was built for the reprocessing of gas-graphite re
actor fuel, but was then modified to permit the reprocessing of 
light-water reactor fuel as well. Some light-water reactor fuel 
was reprocessed in the early 1970s, but after an incident in 
1973, the rebuilt section was closed down. 

The plant in Windscale now reprocesses fuel from the British gas
graphite reactors. Its annual capacity is about 1 000 tons per 
year. The spent light-water reactor fuel is currently stored in 
water pools for later reprocessing. After the rebuilding of a 
"head end", the reprocessing of light-water fuel will be resumed. 

The first industrial demonstration of reprocessing of ligth-water 
reactor fuel took place under the auspices of the joint Western 
European project Eurochemic, which constructed and operated a 
small installation at Molin Belgium. The plant was run for 7 
years and reprocessed, among other things 190 metric tons of 
light-water reactor fuel. After running-in and debugging, the 
plant operated satisfactorily. But experience showed that the 
process would have to be modified for a larger-scale industrial 
plant. 

Operation of the reprocessing plant in Mol was discontinued in 
January of 1976. The decision to shut down the plant was made a 
couple of years earlier by its Western European proprietors, who 
foresaw a reprocessing overcapacity in Western Europe, in which 
case it would no longer be economical to operate a small-scale 
plant such as Eurochemic. The situation has now changed and the 
Belgian utilities are investigating the possibility of resuming 
operation of the plant for Belgian needs. 

Another demonstration of the reprocessing of light-water reactor 
fuel is in progress at the West German reprocessing plant of WAK 
near Karlsruhe. This plant, which has an annual capacity of 40 
metric tons, was commissioned in the early 1970s. After a couple 
of years with various operational problems, it has run smoothly 
over the past few years and is now reprocessing light-water re
actor fuel. 

Three new reprocessing plants are currently being planned in Wes
tern Europe. All will be designed especially for light-water re
actor fuel. COGEMA will build a new plant in La Hague called UP3A 
with an annual capacity of 800 tons and a scheduled starting date 
in 1984/85. Plans call for the commissioning of a similar plant 
with the same capacity, UP3B, a couple of years later. 

BNFL is planning a new plant in Windscale called THORP 1 with a 
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capacity of 1 000 tons per year. It is scheduled to start opera
tion in 1985 at the earliest. The British Minister of the En
vironment decided in December 1976 that a public hearing should 
be held regarding this plant, so it is uncertain at the present 
time when and if the plant will be built. 

Both COGEMA and BNFL plan to utilize their plants to meet both 
their own countries' needs as well as the needs of other count
ries, primarily in Western Europe and Japan. Plans call for the 
financing of the new plants by having domestic and foreign cus
tomers sign long-term reprocessing contracts involving advance 
payments. 

The power utilities in West Germany have formed a joint company, 
DWK, which plans to build a large reprocessing plant. Discussions 
regarding the location of the plant are currently being held. 
According to present plans, such a plant would be commissioned in 
1988. 

Current situation for reprocessing in other countries 

The Soviet Union is expected to start reprocessing light-water 
reactor fuel on a large scale during the early 1980s. It is esti
mated that the Soviet capacity will cover Eastern European needs. 

Japan has constructed a reprocessing plant with French technology 
in Takai-Mura with an annual capacity of 200 tons. In July of 
1977, the plant started accepting spent nuclear fuel. An agree
ment has now been reached between the United States and Japan 
sanctioning Japanese plans to commence the reprocessing of spent 
fuel in the near future. 

In the USA, where reprocessing technology was developed during 
the 1940s, federal reprocessing plants are in operation in Han
ford and Savannah River. Today, these plants are reprocessing 
both military fuel and fuel from research reactors. 

The reprocessing and recycling of plutonium from civilian nuclear 
power reactors in the USA will be postponed indefinitely, accord
ing to President Carter's Energy Plan. 

SWEDISH REPROCESSING CONTRACTS 

0KG has a contract with BNFL for the reprocessing of spent 
nuclear fuel from the Oskarshamn 1 and 2 reactors in England 
which will cover the needs of these reactors up until 1980. SKBF 
has signed a contract with COGEMA for the reprocessing of spent 
nuclear fuel from the Barseback 2 and Ringhals 3 reactors, which 
will also cover the discharged fuel needs of these reactors up to 
1980. 

For the present, pending resolution of the situation in the UK, 
SKBF is negotiating only with COGEMA regarding the reprocessing 
of nuclear fuel during the 1980s. Most of the fuel would be re
processed in the planned UP3A plant. 

The description of the properties of the waste glass provided in 
this chapter and in chapter 111:4 is based on studies and infor-
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mation from COGEMA. Some of the claims have been supported by 
Swedish verification studies of the waste glass from COGEMA. 

SKBF's reprocessing agreement specifies a lower content of 
fission products in the vitrified waste than current French prac
tice. This has been done to reduce the heat generation of the 
waste, thereby facilitating handling and storage of the material. 
Properties which stem from this change are easy to calculate. 

According to the reprocessing agreement, SKBF and COGEMA will 
reach a formal agreement some time in the early 1980s on contract 
specification for the waste glass which are scheduled to be 
returned to Sweden no earlier than 1990. The product characteris
tics which will be specified at this time will not deviate sub
stantially from the properties specified in this report. In any 
case, any deviations will be insignificant for an evaluation as 
to whether the high-level waste in the form of glass can be 
handled and stored in an absolutely safe manner. 

PROCESSES 

The plants for the reprocessing of spent nuclear fuel which have 
already been erected, are under construction or are in the 
planning stage are all based on variations of the American Purex 
process. In short, the basic process involves chopping the fuel 
elements, dissolving the fuel in nitric acid, separating uranium 
and plutonium from the fission products in the fuel by means of 
extraction with an organic solvent, separating the uranium and 
plutonium from each other and final refinement of the uranium and 
plutonium. 

Reprocessing of the spent fuel divides the fuel into four frac
tions containing uranium, plutonium, cladding waste and high
level waste in solution. Figure 5-1 shows a simplified flow 
scheme of the reprocessing of spent nuclear fuel from light-water 
reactors. 

Reception and 
storage of 
spent fuel 

Chopping of fuel 

Cladding waste 

Dissolution 
of fuel 

Cladding waste 

Uranium Plutonium 

Separation 

Fission products 

Figure 5-1. Flow scheme of the various stages of the reprocessing of spent nuclear fuel from 
light-water reactors. 
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The high-level waste solution contains an estimated 0.1% of the 
original quantity of uranium and 0.5% of the original quantity of 
plutonium plus the total quantity of fission products and other 
transuranium elements. The solution is evaporated in cooled and 
monitored stainless steel tanks. After a period of storage, the 
liquid high-level waste is converted to solid form. The repro
cessing plant at La Hague will first convert the high-level waste 
to a calcinate. The calcinate will then be melted down together 
with borosilicate glass and cast in containers made of chromium
nickel steel. When a container is filled with waste glass, it 
will be hermetically sealed by the welding-on of a lid. The out
side of the container (waste cylinder) will be decontaminated by 
rinsing with water under high pressure, thereby simplifying the 
subsequent handling of the waste cylinder. The cylinder will then 
be transported to a cooled store at the reprocessing plant. 

The high-level glass will be fabricated by remote control in "hot 
cells" with thick concrete walls and with lead glass windows 
through which the process can be followed. Experience of non-con
tinuous glass manufacture in the PIVER plant has been gained in 
Marcoule. A larger industrial plant for glass production by means 
of a continuous process, AVM (Atelier de Vitrification de Mar
coule), is completed and is currently being tested with inactive 
glass. Production of high-level glass from Marcoule will commence 
in early 1978. The design of a similar vitrification facility for 
the reprocessing plant at La Hague has been commenced. 

PROPERTIES OF VITRIFIED WASTE 

Dimensions and radioactivity content 

The vitrified waste arrives in Sweden in cylinders made of 
chromium-nickel steel. Each cylinder is 400 mm in diameter, 
1 500 mm in length and contains 150 litres of glass (see figure 
5-2). The density of the glass is 2.8 g/cm3. Each cylinder weighs 
470 kg and contains high-level waste from the reprocessing of 1 
ton of uranium in spent nuclear fuel. This means that the fission 
products content of the glass is reduced from 20% to approx. 9% 
by weight, as prescribed in SKBF's reprocessing contract with 
COGEMA. Heat generation from each cylinder is thereby reduced to 
values which comply with KBS proposals for the handling and 
storage of vitrified waste. 

According to the current contract, the waste cylinders will be 
returned to Sweden no earlier than 10 years after the fuel was 
taken out of the reactor, at which point the total radioactivity 
per cylinder is 4.105 curies. 30 years later, the amount of ra
dioactivity will have dropped to 2.105 curies. Heat flux per cy
linder is then a maximum of 525 W. 

Fabrication of borosilicate glass 

Researchers at the French Atomic Energy Commission initiated la
boratory trials for the production of waste glass back in 1957. A 
pilot plant for the production of waste glass called FIVER was 
commissioned in 1969. This plant produces high-level glass from 
the reprocessing of gas-graphite fuel in Marcoule. Since 1969, 
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Figure 5-2. Waste cylinder. The vitrified waste is cast in a container made of chromium-nickel steel. 
The container is sealed with a welded-on lid. The feet enable the waste cylinders to be stacked on 
top of each other. 

high-level waste with a radioactivity of 5 million curies has 
been vitrified in the PIVER plant, resulting in the production of 
12 tons of glass. This glass is now being stored in a dry, air
cooled depot in Marcoule. 

But the capacity of the PIVER facility is too small for the in
dustrial production of high-level glass. A new plant has been 
built for continuous glass production on a larger scale in Mar
coule, where operation with active material is expected to start 
in early 1978. 

From the beginning, the French researchers concentrated their in
terest on borosilicate glass. The atoms in this glass are not 
arranged in an orderly fashion as in crystalline substances. Only 
atoms of a certain size can be incorporated in a crystalline 
structure. Glass, on the other hand, is able to dissolve the 
different atoms of varying size which occur in high-level waste. 
In addition, the structure of glass can adjust to the radioactive 
disintegration which takes place in the fission products and 
actinides and which results in their conversion to new elements. 

Borosilicate glass is composed of silicon dioxide, sodium oxide 
and boron oxide. In the production of French high-level glass, a 
prefabricated inactive borosilicate glass is mixed with calcined 
high-level waste from reprocessing. The advantages of borosili
cate glass are: 
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good chemical resistance to leaching in water, 
good mechanical resistance to rapid temperature fluctu
ations, 
low crystallization rate, 
little increase of leaching rate if the glass crystallizes 
and 
good resistance to radiation damage. 
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Leaching from borosilicate glass 

If groundwater comes into direct contact with glass, a very slow 
leaching of ions from the glass to the water takes place. At Mar
coule, the leaching rate for borosilicate glass containing 20% 
fission products from ligth-water reactor fuel has been deter
mined in flowing water (dynamic leaching). The leaching rate at 
25°C has been calculated to be 2.10-7 g/cm2 per day, which 
corresponds to a dissolution of 0.003 mm of glass thickness per 
year, or approx. 1 mm every 3 000 years. This applies for leach
ing with flowing water. In the case of stationary water (static 
leaching), which corresponds more closely to the conditions pre
vailing -in a final repository, researchers in Marcoule have 
measured leaching rates which are lower than for dynamic leach
ing. Borosilicate glass containing only 9% fission products can 
be exported to exhibit a slightly lower leaching rate than glass 
with 20% fission products. 

Experiments in Marcoule with water quality varying from tap water 
to seawater show virtually the same leaching rate. The leaching 
rate does, however, increase at low and high pH values. Measure
ments have found an increase of the leaching rate by a factor of 
10 at pH 3 and an increase by a factor of 20 at pH 14 as compared 
with the leaching rate at pH 8. At less extreme pH values, the 
increase is less. At pH 11, for example, which exceeds the pH 
value which can be expected in a final repository, the leaching 
rate does not deviate significantly from the rate at pH 8. 

In trials with French glass, a temperature increase from 25° to 
70°c increased the leaching rate by a factor of 10. The tempera
tures which can be expected in a Swedish final repository lay be
tween 20° and 70°c. 

Samples of high-level borosilicate glass from gas-graphite reac
tors in Marcoule which were manufactured and tested in 1966 were 
subjected to test leaching again in 1976. The leaching rate 
proved to be virtually unchanged, 10-7 g/cm2 and day, with an 
otherwise identical procedure. Nor is any significant change in 
the leaching rate expected to occur over very long periods of 
time. 

Experiments are being conducted at Studsvik with the leaching of 
high-level glass from Marcoule and of high-level glass with an 
extra-high plutonium content. The leaching experiments are being 
conducted with water grades which correspond to the groundwater 
around a final repository. Results obtained thus far agree in 
essence with the French trials. 
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Thermal and mechanical properties of borosilicate glass 

When the glass has been cast in the chromium-nickel steel cy
linder, it will be subjected to compressive stresses due to the 
shrinkage of the cylinder as it cools. The ability of the glass 
to resist such stress is very good. However, the rapid cooling 
which takes place during decontamination of the cylinders may 
cause the glass to crack. Studies in Marcoule have shown that a 
surface enlargement corresponding to a factor of 2-3 takes place 
upon extremely rapid cooling. The maximum surface enlargement in 
handling and transport has been estimated to be a factor of 10. 

0 
Heat is generated inside the glass. At temperatures above 550 C, 
there is a risk that some of the glass will crystallize. Experi
ments have been conducted in Marcoule in which high-level glass 
blocks were held at temperatures of 800°c for 100 hours. The 
blocks had not cracked and the leaching rate after the heat test, 
exhibited only a slight change. The temperature in the centre of 
the glass cylinder is kept below 100°C in the final repository -
well below the 550°c which can be critical. The centre tempera
ture is below 550°C during intermediate storage as well, even in 
the event that all ventilation systems should fail. 

The fission products in the fuel contain inactive molybdenum. In 
industrial glass manufacture, this molybdenum can give rise to 
the formation of a molybdate phase in the glass if the holding 
time at 800°c is long. This phase consists mainly of sodium mo
lybdate but also contains strontium, lanthanum and perhaps some 
cesium and americium. The molybdate phase is soluble in water. 
Under the most unfavourable conditions, 0.5% of the glass could 
consist of molybdate phase. This phase can contain some quanti
ties of strontium and cesium. A low fission products content 
counteracts the formation of molybdate phase. 

Resistance of borosilicate glass to radiation 

The effects of radiation on borosilicate glass have been studied 
using high doses of beta radiation corresponding to 1.2 . 10-l~ll 
rad. Storage for 1 000 years leads to a total dose of 2.4. 10 
rad. The results of tests of irradiated samples show 

no energy accumulation (Wigner effect), 
no change of leaching rate, 
no change of structure. 

The greatest risk with radiation comes from alpha radiation (he
lium particles). In order to study this risk, alphaemitting ac
tinides (americium-241, plutonium-238, curium-244) were added to 
glass in such great quantities that a dose corresponding to that 
which is obtained over 1 000 years for high-level glass was ob
tained in 1-2 years. This type of accelerated experiment entails 
a more severe test than a lower dose rate over a longer period of 
time. This is due to the fact that the helium atoms have less 
opportunity to diffuse out of the glass and that the glass struc
ture is forced to adjust more rapidly to containing a certain 
quantity of helium. This type of experiment has shown that there 
is little change in the mechanical properties of the glass. As a 
comparison, there are natural vulcanic glasses which contain as 
much as 200 mm3 gas per gram glass without becoming brittle. 
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INTERMEDIATE STORAGE AND ENCAPSULATION 

Power Station Central Storage Reprocessing 

GENERAL 

Intermediate 
Storage Encapsulation 

Final Storage 

An intermediate storage facility and an encapsulation station for 
the waste cylinders from the reprocessing plant are constructed 
adjacent to the final repository. Possibilities for alternative 
siting of these facilities are discussed in chapter I:11. 

The main purpose of intermediate storage is to reduce the heat 
flux from the waste and thereby simplify final storage. An inter
mediate storage period of 30 years is foreseen, during which time 
heat generation decreases to approximately onehalf. However, this 
storage period can be extended, the only limitation being how 
long supervised storage is considered to be desirable and accept
able. 

The time during which the waste is kept in intermediate storage 
can be used for further development and optimization of the en
capsulation procedure and the design of the final repository. 

The purpose of the encapsulation following intermediate storage 
is to enclose the vitrified waste in a corrosionresistant and 
tight canistor prior to deposition in the final repository. The 
vitrified waste cannot be leached out unless the encapsulation 
material has first been penetrated due to corrosion caused by the 
groundwater. The canister also serves as a radiation shield which 
reduces radiolysis of the groundwater to a level which is neglig
ible from the viewpoint of corrosion and simplifies handling of 
the waste cylinders. 

The plant has a storage capacity of 6 000 waste cylinders and can 
receive and encapsulate 300 cylinders per year. 

For a more detailed description of the intermediate storage faci
lity and the encapsulation procedure, see chapter III:5 with 
appurtenant drawings. 

DESCRIPTION OF FACILITY 

Most of the plant will be located underground with a rock cover 
about 30 metres thick in order to provide protection against ex
ternal forces such as acts of war and sabotage. The only surface 
facilities will be an entrance building with administration and 
service quarters and ventilation inlets and outlets (see fig. 
6-1). 
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Figure 6-1. Perspective drawing of plant for intennediate storage and encapsulation. It is located 
underground with a rock cover approximately 30 metres thick. The plant is located above the final 
repository. 
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The various stages involved in the handling of the waste cy
linders in the plant are illustrated in figure 6-2. 
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The waste cylinders arrive at the plant in a special transport 
cask on a trailer (see I:9) through an access tunnel. In the re
ception section of the plant, the waste cylinders are unloaded 
from the transport cask to the unloading cell. If the waste cy
linders are found to be damaged or contaminated, they are provid
ed with a new outer container in a recanning cell. The waste cy
linders which are stored in the intermediate storage facility are 
therefore not radioactively contaminated on the outside. 

From the unloading cell, the waste cylinders are transferred in
side a radiation-shielding transfer cask, to the intermediate 
storage where they are placed in steel pits in concrete trenches 
covered by a concrete slab. Each trench contains 150 steel pits, 
each with room for 10 waste cylinders stacked one on top of the 
other - for a total of 1 500 per trench. The facility has four 
trenches in two groups with a total capacity of 6 000 waste cy
linders. 

In order to dissipate the heat emitted by the waste, air is cir
culated through the storage pits by means of a ventilation system 
with ample reserve capacity. But even in the event of o total 
failure of all fans, natural air convection will provide suffi
cient cooling to keep the temperature of the waste glass well 
below the critical level above which the glass may crystallize. 
Since the waste cylinders are clean externally, the ventilation 
air which is released to the atmosphere via a ventilation shaft 
and a chimney is not contaminated. The ventilation system can 
nevertheless be provided with filters and equipment for radioac
tivity measurement as an extra safeguard. 

The concrete slab over the storage trenches is sufficiently 
thick, and the holes in the slab above the steel pits are sealed 
in such a manner, that sufficient radiation shielding is provided 
for the hall above the storage facility. Furthermore, the air 
pressure in the hall is maintained at a higher level than that in 
the trenches, so air from the trenches cannot enter the hall. 

At the end of the intermediate storage period, the waste cy
linders are transferred in the radiation-shielding transfer cask 
to the encapsulation part of the plant. There they are placed in 
an encapsulation cell, where they are enclosed in a lead-titanium 
canister (see fig. 6-3). After quality control, the encapsulated 
waste is transferred to the final repository. 

PROPERTIES OF ENCAPSULATION MATERIAL 

In the final repository, the waste canisters are subjected to the 
action of the groundwater in the rock. It is therefore imperative 
that the waste glass be protected against leaching during the pe
riod when the waste is highly hazardous (toxic, see fig. 6-4). 
Protection against leaching is obtained by enclosing the waste 
glass in a corrosion-resistant canister. 

The chromium-nickel steel container in which the vitrified waste 
is delivered from the reprocessing plant is not accredited with 
any protective life of its own. Instead, the real protection is 
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Figure 6-2. Reception and intermediate storage. The transport casks arrive in the reception section 
and the waste cylinders are unloaded. Damaged or contaminated cylinders are encased in an outer 
container of chromium-nickel steel. The waste cylinders are transferred to intermediate storage 
inside a transfer cask. After storage for at least 30 years, the cylinders are transferred to the 
encapsulation cell. 



55 

Identical gripping heads 

0 

52 -------
x - Titanium shell, t = 6 mm } 

Prefabricated 

0 

~ 

~ 400 

<HOO 

~ 612 

----Lead 

M"'.4---- Chromium-Nickel steel, 
t= 3 mm 

"---,J...-........ --- Cast lead 

'--~h~J1r---Titanium lid 

100 

} Perto,mod ;n • oell 

Figure 6-3. Lead-titanium canister. Waste cylinder with vitrified high-level waste in a canister of 
lead and titanium. Total weight approx. 3900 kg. 

afforded by a canister made of lead and titanium, both of which 
materials possess good resistance to corrosion. The lead also 
serves as a radiation shield which reduces the radiation level 
and the radiolysis of the groundwater to a level which is 
negligible from the viewpoint of corrosion. 

The corrosion resistance of the titanium casing derives entirely 
from the creation of a protective passivating layer. Under pre
vailing conditions, this passivating layer is self-healing when 
damaged. As long as this layer is intact, general corrosion of 
the material is extremely slow. Under the environmental con
ditions which are expected to prevail around the canisters in the 
final repository, local corrosion of titanium has not been ob
served at all. The titanium casing can be expected to remain in
tact for a very long period of time. 

As far as the lead is concerned, general corrosion can be disre
garded, since the lead is protected by the titanium casing. If 
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Figure 6-4. Graph showing how the toxicity of the vitrified waste (hazard index) and the external 
surface temperature of the canister vary with time. Note that the hazard index and time scales are 
logarithmic. 
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the titanium is penetrated, however, some pitting corrosion may 
be expected on the exposed surface. The quantity of lead which 
can then go into solution is estimated to be slightly more than 2 
kg over a period of 1 000 years. The attack will penetrate down 
into the lead at a diminishing rate. It is tentatively estimated 
that pitting will penetrate the lead lining at the earliest about 
500 years after the titanium casing has been penetrated, but this 
figure is probably grossly underestimated. 

The Swedish Corrosion Research Institute and its reference group 
of specialists within the field of corrosion and materials was 
connnissioned by KBS to examine the corrosion resistance of the 
proposed encapsulation materials. In a status report dated 27 
September 1977, which is reproduced in KBS Technical Report No. 
31, the life of the canister is estimated by some members to be 
at least 1 000 years and by others to be at least 500 years. How
ever, a final assessment will not be forthcoming until the re
sults of current in-depth studies are available. 

In one of the supplementary statements submitted by the members 
of the reference group, it is claimed that the estimates given in 
the status report are conservative and represent a lower limit 
for the durability of the encapsulation material. It is further
more submitted that on the basis of existing knowledge, it is 
highly probable that further study will reveal a considerably 
longer life for the encapsulation material. KBS shares this 
opinion. See also 111:5.3. 

OPERATION OF FACILITY 

Operation of the reception section and the encapsulation section 
is based on remote-controlled handling in closed cells. The ope
rating personnel, whose main function is one of surveillance, are 
protected against radiation by thick concrete walls and radia
tion-shielding windows. If necessary, the equipment can be moved 
from the cells to prepared areas where it can be repaired and 
maintained. This technology has been proven and has been used for 
many years in a similar storage facility in Marcoule in France. 

The plant and its operation will be under the supervision of the 
Swedish Nuclear Power Inspectorate and the National Institute of 
Radiation Protection in the same manner as a nuclear power sta
tion. The plant will be designed in compliance with the regula
tions which these authorities and the occupational safety autho
rities issue, following consultation with concerned personnel or
ganisations. With regard to working environment and safety, see 
chapter I: 10. 

When the facilities for intermediate storage and encapsulation 
have served out their useful lives, decommissioning will be 
facilitated by their emplacement in rock. Deconnnissioning proce
dures are basically the same as those described for the central 
storage facility for spent fuel in section 1:4.2.4. 
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GEOLOGY 

GENERAL 

The feasibility of safe terminal storage and disposal of high
level waste in geological formations has been under consideration 
for some time in various countries. Since it has generally been 
assumed that the waste is to be finally disposed of in the 
country where it is produced, different types of formations have 
come under consideration: salt, clays, shales, crystalline rock -
depending upon the occurrence of these formations in different 
countries. In Sweden, interest has been concentrated on precamb
rian crystalline rock formations (granite, gneiss). 

KBS has concluded an agreement with the Geological Survey of 
Sweden (SGU) concerning the execution of a comprehensive pro
gramme of geological field studies and theoretical investiga
tions. The programme entails the drilling of 10 boreholes to a 
depth of about 500 metres, examination of cores and boreholes, 
water injection tests, groundwater analyses, hydrological tracer 
tests in crystalline rock and theoretical studies of groundwater 
movement. 

Parallel to and in connection with SGU's investigations, various 
researchers have, under commission from KBS, carried out studies 
and surveys of the properties of the bedrock and potential move
ments in the bedrock in different parts of the country, patterns 
of movement and composition of the groundwater and various re
tardation effects on dissolved material as the groundwater passes 
through the buffer material and cracks in the rock. 

An experimental station where observations and experiments can be 
carried out in a granite massif at a depth of 360 metres has been 
established in the Stripa mine. 

Matters concerning geology and rock mechanics have been dealt 
with by an advisory group of experts. 

On two occasions (in February and October of 1977), matters of 
importance for a final repository in the precambrian bedrock of 
Sweden have been discussed at special conferences attended by 
many of Sweden's geological experts. 

A more detailed report on the geological surveys and the results 
obtained from them is provided in volume II. 
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OBJECTIVE 

The geological study programme carried out by SGU for KBS was 
aimed at elucidating the bedrock and groundwater conditions which 
are determinant for the long-term safety of a storage facility in 
the crystalline basement rock of Sweden. The studies span a 
number of different disciplines. The bedrock at the site which is 
finally chosen must consist of a suitable type of rock of suffi
cient extent both horisontally and vertically. The occurrence of 
discontinuities and fracture zones can affect the design and 
safety of the rock repository. As regards the groundwater, in
formation is required on its chemical composition, how much water 
can come into contact with the waste and for how long a time the 
water resides in the bedrock. It is also important to elucidate 
where the groundwater from a repository approaches the surface of 
the ground and how much it is diluted on its way to the surface, 
as well as how well the bedrock is able to retard and retain 
certain waste substances if they should escape into the ground
water. 

Field studies have been conducted at five sites, three of which 
have been selected for further study. It should be emphasized 
that the present work was not aimed at finding a suitable site to 
be proposed for the location of a future rock repository at this 
point in time. 

The geological surveys comprise a part of the work aimed at 
satisfying the requirement of the Conditions Act to demonstrate 
where an absolutely safe final storage of high-level waste can be 
effected. The selected areas are examples of sites where a final 
repository might possibly be located and where the natural con
ditions have been studied both from the surface and in depth. The 
studied areas contain our most common types of rock which are 
highly unlikely to be of interest for mining - namely gneiss, 
gneiss-granite and granite - and are each representative of many 
other parts of southeastern Sweden. Areas with less common types 
of rock which might offer special local advantages have not been 
studied. 

STUDY AREAS AND RESULTS 

The locations of the studied areas and of the experimental sta
tion in Stripa are shown in fig. 7-1. Studsvik, where certain 
field experiments were conducted, is also shown. 

Karlshamn area 

The studies in the Karlshamn area were conducted on the grounds 
of the Karlshamn oil-fired power plant. Of the different study 
areas, this is geologically the best-known. It is situated in a 
district of Sweden where the regional interrelationships between 
bedrock structures and groundwater conditions have been subjected 
to more scrutiny than anywhere else, and it is the only one of 
the KBS study areas where data is also available from existing 
rock caverns. 

The study area is composed of a grey gneiss - Blekinge coastal 
gneiss. It contains few joints and little groundwater. Moreover, 



Figure 7-1. Map of study sites. Test drillings down 
to a depth of about 500 m have been undertaken 
at Karlshamn (Sterno), north of Oskarshamn 
( Krdkemdla and .ifvro) and Forsmark ( Finnsjo Lake 
and Forsmark). The KBS experimental station is 
located in the Stripa mine. Field experiments have 
also been conducted at Studsvik. 
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the directions of the fractures vary and do not exhibit any pro
nounced main orientation. These facts are reflected in the sta
tistics on the existing oil storage caverns in the gneiss. Re
ported data on water inflow into the rock caverns, which total 
over 700 000 m3 , exhibit low values. The need for reinforcement 
following blasting has been remarkably low. The seepage data can 
be used to calculate the water permeability of the surrounding 
rock, which is expressed in m/s. Values of around 10-9 m/s are 
found, which is lower than normal for rock caverns at a depth of 
30-50 m. 

A core drilling within the area to a depth of 500 m shows good 
rock conditions at greater depths as well. These conditions stem 
from the fact that the gneiss, ever since its plastic folding 
more than 1 300 million years ago, has reacted as a rigid and 
highly resistant body in relation to the surrounding rock, 

A special study in the area showed that displacements along ex
isting fissures have been small for a very long period of time. 
The average rate of displacement is below 0.02 mm per million 
years. Existing cracks are largely mineral-filled. A fracture 
zone filled with swelling clay minerals was found north of the 
study area. No substantial shattered zones were found. 

If the permeability of the rock and the slope of the free ground
water table is known, it is possible to calculate how much water 
flows through a given cross-section of the rock within a certain 
period of time. Due to the large differences in elevation in the 
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terrain in the Karlshamn area, the slope of the groundwater table 
is fairly steep, approximately 1:20. From the obtained data, the 
groundwater flow at a depth of 500 m can be calculated to be 
about 0.2 litres per m2 and year. A level area with a similar 
bedrock would exhibit even lower flows. 

Finnsjo area 

The Finnsjo area is located 16 km west-southwest of the Forsmark 
nuclear power plant in northern Uppland. Geological and geophy
sical surveys have been conducted here. Rock conditions have been 
studied in depth in three core boreholes - one vertical to 500 m 
and two at inclinations of 50° to between 500 and 550 m vertical 
depth. The area is composed of older granite, which is a rela
tively uniform,weakly gneissified granodiorite rock. It is rather 
heavily fractured internally. But the cracks are mostly irregu
lar, of varying direction, and largely filled with minerals. 
Small amounts of swelling clay minerals are found locally. On the 
east, the area is bounded by a fault which borders on an approx
imately 300 m wide belt with stronger fracturing. The central 
parts of the area, on the other hand, are distinguished by large 
blocks of little fractured bedrock with surface areas of up to 
100 000 m2. Between these blocks are fracture zones, some of 
which are filled with crushed material. The cores from the bore
holes reveal sections of several hundred metres with permeabili
ties below 10-9 m/s, interrupted by a few zones with higher 
values. From the obtained data, the groundwater flow in large 
sections of rock at a depth of 500 metres can be calculated to 
about 0.1 litres per m2 and year or less. Fracture zones with 
heavier flows are also found. Rock mechanics tests on drill cores 
show very good strength. The Finnsjo area represents a common 
type of bedrock in the Swedish crystalline basement rock and has 
been chosen as a reference area for some of KBS's studies. 

Krakemala area 

The Krakemala area is located 7.5 km north-northwest of the Os
karshamn nuclear power plant at Simpevarp, between the Baltic Sea 
and Gotemaren Lake. Geological and geophysical surveys have been 
conducted here. Three core boreholes have been drilled, two ver
tial ones to 500 and 600 m, respectively, and one with a 50° in
clination to a vertical depth of 570 m. The area is composed of a 
very uniform, undeformed granite, the Gotemar granite. It is 
characterized to a large extent by a sparse but regular network 
of perpendicular, straight and long fissures. The walls of the 
fissures are lined with the minerals in the granite and with 
chlorite and calcite. Pyrite also occurs in the fissures, some
times abundantly, as does fluorspar. Smectite, a swelling clay 
mineral with a good capacity to retard certain waste substances, 
occurs in small quantities. Drill cores from Krakemala exhibit 
considerably lower strength than those from Finnsjon. 

In the boreholes, at a depth of between 300 and 500 metres, long 
sections are found with a water permeability of less than 10-9 
m/s. However, these are surrounded by zones of higher water per
meability and water content. The groundwater flow in the more im
pervious sections is estimated to be about 0.15 litres per m2 and 
year or less. Considerably higher flows are found in fracture 
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zones, which is why rock wells in this granite often yield so 
much water. 

Other areas 
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The two other areas where drillings were made are Avro, just 
north of Simpevarp, and Forsmark, approximately 3.5 km west of 
the Forsmark power station. After introductory studies, both of 
these areas were judged to have less favourable rock conditions 
than the three preceding areas, so the studies were discontinued. 

GROUNDWATER CONDITIONS 

Groundwater flows 

2 
Flows of 0.1-0.2 litres perm and year have been calculated for 
the three study areas on the basis of model studies calculated on 
the basis of potential field theory and available permeability 
data obtained from rock caverns at shallow depth and from direct 
measurements in boreholes. The borehole eguipment did not permit 
determination of permeabilities below 10- m/s. In the Stripa 
mine, however, values down to 10-ll m/s have been measured in 
granite. For these reasons, the actual flows should be consider
ably less than the specified figures of 0.1-0.2 litres per m2 and 
year. Thus, if nuclear waste is stored in any of the study areas, 
the low water flow rate can be expected to minimize both corro
sion and leaching of the waste glass. However, time has not 
permitted the detailed studies required to verify these factors 
(see IV:6,2.2 and 6.3.10). 

If the groundwater flow is known, it is possible to calculate how 
much the dissolved substances from the waste will be diluted on 
their way towards a recipient. For example, the substances re
leased from a final repository at a depth of 500 m within the 
Finnsjo area during one year would be diluted in at least 500 000 
m3 of water in the fault which borders the area on the east. The 
portion of the dissolved substances which reached Finnsjon would 
be diluted in a water volume approximately 50 times greater. 

The pattern of groundwater flow 

The flow of the groundwater is determined by the precipitation 
and terrain features in the area as well as the nature of the 
ground and the bedrock. Computer programs have been developed 
which can be used to calculate the flow pattern for vertical 
sections through an area. Among the assumptions which must be 
made are that slopes run perpendicular to the plane of the sec
tion and for a large distance in this direction and that the 
permeability of the bedrock is constant or changes with depth in 
a regular manner. By varying the conditions it is possible to 
shed light upon the flow paths in a given area despite these 
limitations. This has been done by means of mathematical models 
which illustrate a few simple typical cases as well as models 
adapted to the conditions existing in the Finnsjo area. 

The results show that, as expected, the groundwater flows down-
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ward into the bedrock in elevated areas, after which it turns and 
flows upward again towards large adjoining valley floors, where 
it can reach the surface at points of groundwater inflow into 
lakes, waterways and springs. The influence of terrain features 
often extends down to a depth of several thousand metres. The 
longer the slopes are, the deeper their influence reaches. The 
surface areas where groundwater from great depths issues are 
small, and the upflow is accompanied by a very heavy dilution of 
the groundwater by water from higher levels. 

One consequence of these general conditions is that the ground
water movements in an area lacking extensive, flat aquifers are 
divided into smaller flow cells and that groundwater transport is 
predominantly of a local character. 

This effect is reinforced when the valleys follow steep fracture 
zones in the bedrock, where the vertical permeability is high. 
Models of the Finnsjo area show that the flow there is directed 
towards Finnsjo Lake and towards the fault valley in the east. 

The calculations have been extended to include the upflow over a 
rock repository which is caused by the heat generation of the 
waste at the start of the storage period. In agreement with 
earlier American estimates, it was found that this heating leads 
only to an insignificant pertubation of the prevailing flow 
pattern in the vicinity of the final repository. The effect of 
drainage of the rock formation around the final repository during 
the construction and deposition period has also been investigat
ed. 

Groundwater age 

The time during which the groundwater resides in the bedrock is 
of importance in view of the natural decay of the radioactive 
substances and their retardation and retention by the rock. In 
the same rock volume, the residence time for the water is least 
in the larger, water-bearing fracture zones. In the intervening 
bedrock blocks with low permeability, the residence time is many 
times greater. 

Age determinations of water samples were carried out using the 
carbon 14 method, which tells how much time has passed since the 
water seeped down through the surface layers of the ground. Four 
water samples from the boreholes in Krakemala have been studied 
thus far. Ages of between 4 300 and 11 000 years have been found
ed. 

The uncertainty inherent in these determinations is only ±100 
years. Greater uncertainty in the age determinations is associat
ed with the sampling and drilling procedures. During drilling, 
surface water was used for flushing, and heavy drainage pumping 
was carried out prior to sampling. Disturbances which lead to age 
underestimations may therefore have occurred. It appears most 
likely that the differences in age between the samples reflect 
differences in the permeability of the surrounding sections of 
rock. 

Similar age data were previously obtained from a deep well in 
bedrock in Finland and a tunnel at a depth of about 300 metres at 
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Storjuktan, Sweden. With the support of such age data, the re
sidence time of the groundwater at the depths in question can be 
estimated to be more than 10 000 years. When this figure is used 
as a basis for estimating the transit time of the water from a 
final repository to the biosphere, it is necessary to take into 
consideration the location of the repository and local topo
graphical and hydrological features, which are dealt with in 
greater detail in volume II. 

Groundwater chemistry 

The chemical composition of the groundwater is of importance for 
the lifetime of the canisters in which the waste is enclosed. Re
tardation effects in the buffer mass and in cracks in the rock 
can also be affected by the composition of the groundwater. The 
level of chlorides and dissolved oxygen in the groundwater is of 
particular importance. 

An evaluation of data from KBS and other studies shows that 
chloride concentrations of more than 300 mg/1 have been found in 
groundwater only in rare cases. The occurrence of fossile ground
water in some areas might give rise to higher values. For this 
reason, analysis of the local groundwater chemistry constitutes 
an important part of the preliminary studies which precede the 
final choice of a site. 

Both the known occurrence of bivalent iron in the groundwater and 
direct analyses have shown that groundwater at great depths can 
only contain extremely small quantities of dissolved oxygen, 
normally below the level which can be determined by standard ana
lytical methods. 

The pH values which have been measured in groundwater are only 
rarely less than of 7.2 or greater than 8.5. The proposed buffer 
material of quartz sand and bentonite (see chapter III:6) should 
stabilize the pH value to between 8 and 9. The buffer material 
does not affect the level of chlorides and dissolved oxygen in 
the groundwater. 

RETARDATION OF WASTE SUBSTANCES 

Retardation effects 

Laboratory studies of buffer material and samples from the 
Swedish bedrock as well as field studies have been conducted in 
order to investigate the retardation of the radioactive waste 
substances in the bedrock. The measurements show, in agreement 
with the large body of data in the literature, that all of these 
substances, with the exception of iodine and technetium, are re
tarded to different degrees in relation to the movement of the 
groundwater. 

Retardation factors have been calculated under the assumption 
that the groundwater moves in smooth-walled, plane-parallel, 
continuous cracks. Retardation factors calculated in this manner 
are in good agreement with results from field tests conducted in 
fractured rock at Studsvik. 
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The field test at Studsvik were conducted at a depth of 70 metres 
in fractured rock of high water content and permeabilities around 
10-6 m/s. In an initial test series, the transit time for certain 
nuclides in the unconditioned rock was measured and compared with 
the transit time of the groundwater along the same flow path. The 
same rock section was then sealed by means of injection with 
bentonite, which is a natural material many millions of years old 
consisting primarily of smectite minerals. Smectite occurs fre
quently as natural crack filler in the Swedish bedrock and has 
also been found at Krakemala and Karlshamn. It is in chemical 
equilibrium with the groundwater and the other minerals in the 
bedrock. After this grouting, the measurements were repeated and 
are still in progress. Among other things, it has been found 
that, strontium added to the water has not, after 4 months, 
arrived at the metering point located SO metres from the borehole 
where it was injected. 

Retardation effects are discussed in greater detail in section 
.I:13.4.2. 

Retention of waste substances 

During their residence time in the bedrock, the elements stronti
um-90, cesium-137 and americium-241 and -243 decay completely. 
Other elements participate in chemical reactions so that they are 
retained or retarded in the rock. Such a fixation of cesium has 
been demonstrated in laboratory experiments. Other experimental 
studies have shown that hydrogen sulphide or minerals containing 
bivalent iron can precipitate insoluble uranium dioxide from so
lutions of carbonate complexes of hexavalent uranium by means of 
reduction at room temperature. Theoretically, the same should 
occur with plutonium, neptunium and other transuranic elements. 

The same reactions occur in nature. There are examples of large 
uranium ore deposits which have been formed by precipitation in 
this manner. In Sweden, uranium dioxide occurs as fissure filler 
in the crystalline basement rock in such areas as northern Upp
land and at Pleutajokk in Norrbotten County. In both of these 
cases, the mineral has been retained in the rock for more than 
1 500 million years. It has also been shown that naturally formed 
transuranium nuclides in the Oklo uranium field in Gabon have not 
been dissolved by the groundwater. 

ROCK MOVEMENTS 

Recent faults 

A number of studies have been carried out in order to establish 
whether the safety of a rock repository can significantly de
teriorate during the long storage period due to new fracturing 
and movements in the bedrock. A brief survey has been made of 
recent fault movements throughout the country, whereby it was 
found that these fault movements follow older fault zones to a 
great extent. This agrees with the results of a theoretical study 
of the process of deformation in fractured rock. It shows that 
even large deformational movements are distributed over existing 
cracks in a granitic rock of normal fracture content without the 
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creation of new cracks or any radical changes in individual 
cracks. By locating the final repository in an area without any 
major fault lines and by avoiding emplacing waste canisters in 
existing shear zones, canister damages resulting from rock move
ments can be avoided. It has also been found that only insignifi
cant movement has taken place along fissures in southeastern 
Sweden over the past 570 million years, even during the large
scale deformations which led to the formation of the Caledonian 
mountain range. The current period in European geological history 
is characterized, as far as we know, by declining deformation. It 
can therefore safely be assumed that rates of dislocation during 
the required period of waste isolation will remain below the mean 
rates which have been determined in the KBS study and which are 
insignificant from a practical point of view. 

Rock stresses 

According to some measurements, the nearly horisontal shear 
stress in the Swedish bedrock rock is close to the strength limit 
of the rock just below the surface. Other studies give lower 
values. If the strength of the rock were exceeded, fracturing 
would occur. However, the shear strength of the rock increases 
with depth due to the increase in pressure. In fact, the risk of 
shear fractures decreases rapidly with increasing depth, since 
the shear stress at greater depths is probably much the same. 
Special calculations show that the changes in the rock induced by 
blasting and the estimated increase in temperature are very local 
and that the risk that new groundwater flow paths will be created 
as a result of the formation of new fractures is negligible. 

Effects E.f ~ future ice age 

Fracture formation in connection with the current land elevation 
and bedrock movements during a future ice age can be assessed on 
the basis of the present distribution of cracks in the bedrock. 
Permeability values from drill cores show that the fracturing is 
largely restricted to the top 100 or 200 metres of the bedrock, 
while deeper portions still possess good integrity after 10 to 20 
Quaternary glaciations. One more ice age is not expected to alter 
the situation. 

Tidal effects 

A special study of the gravitional effects of the sun and the 
moon on the Swedish bedrock and other influences which affect the 
groundwater in the bedrock has been conducted. No detrimental 
effects for a rock repository have been identified. 

Earthquakes 

A review has been made of the statistics on earthquakes in Sweden 
through 1975 and of certain studies concerning earthquake-caused 
ground accelerations. The analysis shows that southeastern Sweden 
has a very low frequency of earthquakes and that the ground acce
lerations which can be expected will not cause damage to the re
pository or to the waste canisters. 
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7.7 SUMMARY EVALUATION 

The above information, together with the safety analysis, pro
vides the necessary basis for an evaluation of the three study 
areas of Karlshamn, Finnsjon and Krakemala. It shows that these 
areas fulfil the basic requirements for a safe rock repository 
for high-level waste, provided that the design of the facility 
takes into account the geometry of the low-permeable rock forma
tions. 

On the basis of existing knowledge, the coastal gneiss region of 
Blekinge is from a geological point of view, the most attractive 
area for a final repository. 

The gneissified granitoid rock at Finnsjon also appears to offer 
large volumes of low permeability. However, existing internal 
fractures and crush zones may entail certain technical problems 
of the type which are normally encountered in tunnelling and rock 
cavern excavation. Compared with the Blekinge coastal gneiss, 
this type of rock permits greater freedom of choice in the lo
cation of a future rock repository, since similar rock conditions 
are found throughout large parts of southeastern Sweden. 

The Gotemar granite at Krakemala exhibits, despite sections of 
low permeability, a number of features which may require more ex
tensive reinforcement and grouting during the construction phase. 
These features include lower strength, a regular fracture system 
with extensive horizontal fracture surfaces and high local 
groundwater flows. 

The three study areas can be clearly arranged in order of priori
ty: the Blekinge gneiss, the gneissified granodiorite in the 
Finnsjo area and the undeformed stocklike granite in the Krakema
la area. This confirms previous experiences regarding the struc
tural and water-bearing characteristics of these types of rocks. 
Against this background, other gneiss areas besides the one in 
Blekinge may be of interest. 
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Power Station Central Storage 

GENERAL 

Reprocessing Intermediate 
Storage Encapsulation 

Final Storage 

The encapsulated waste will be sent to the final repository for 
final disposal. 
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The final repository is situated in rock underneath the facility 
for intermediate storage and encapsulation at a depth of approxi
mately 500 metres below the surface. 

Whereas the waste in the intermediate storage facility is stored 
under dry conditions, requiring surveillance of e.g. the drainage 
system, the final repository is designed to be sealed and finally 
abandoned. The encapsulated waste will therefore be exposed to 
the action of the groundwater. 

As mentioned in chapter I:5, the leaching rate for the vitrified 
waste is very low. In the encapsulation station, the waste 
cylinders are provided with a lead-titanium canister with 
high resistance to corrosion (chapter I:6). Finally, the storage 
holes, tunnels and shafts in the final repository will be back
filled with a buffer material of quartz sand and bentonite with 
low permeability and ionexchanging properties. Bentonite is a na
turally occurring clay material. 

Thus, vitrification and encapsulation of the waste, the buffer 
material and the rock constitute four barriers which prevent or 
greatly retard the migration of radioactive elements via the 
groundwater to the biosphere. 

The final repository has been designed for a total capacity of 
9 000 canisters and a deposition rate of 300 canisters per year. 

For a more detailed description of the final repository, see 
chapter III:6 with appurtenant drawings. 

DESCRIPTION OF FINAL REPOSITORY 

The final repository consists primarily of a system of parallel 
storage tunnels located approximately 500 metres below the sur
face, with appurtenant transport and service tunnels and shafts 
(see fig. 8-1). The final repository covers an area of approxi
mately 1 square kilometre. The geometric layout of the tunnel 
system will be adapted to the geological conditions prevailing on 
the selected site. Vertical holes drilled in the floor of the 
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Figure 8-1. Perspective drawing of final repository with plant for intermediate storage and 
encapsulation. The final repository consists of a system of parallel storage tunnels situated 500 m 
below the surface. 

storage tunnels constitute the final storage compartments for the 
waste canisters. Tunnels and shafts will be excavated by means of 
conventional mining and construction methods. 

The centre-to-centre distance between the storage tunnels (25 m) 
and between the storage holes (4 m) has been determined on the 
basis of rock mechanics considerations and the effects of the 
heat released by the canisters (see fig. 8-2). The storage holes 
have a diameter of 1 m and a depth of 5 m. With the spacing se
lected, the increase in the temperature of the rock will not ex
ceed 40°c. Studies show that this increase will not give rise to 
new cracks or new flow paths for the groundwater which could 
affect the safety of the final storage. 

The various stages of the handling chain for encapsulated waste 
in the final repository are depicted in fig. 8-3. 

The canisters are transferred from the encapsulation station to 
the final repository in a radiation-shielded transfer cask mount
ed on a wagon which runs on rails and is drawn by an electric 
tractor. They are then taken down to the storage tunnels in an 
elevator which travels in a vertical shaft. The elevator is 
equipped with safety devices which virtually eliminate the possi
bility of an accident. 

When the transfer cask reaches the level of the repository, it is 
taken from the elevator through the tunnel system and placed in 
position over the hole in which the canister is to be deposited. 
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Figure 8-2. Cross-section and longitudinal section of storage tunnels in the final repository. Each 
storage hole is designed for one canister. 

A mobile radiation shield at the top of the hole protects the 
personnel when the canister is lowered into the hole. 

The canister is lowered into the hole onto a bed of sand/bento
nite. The transfer cask and the mobile radiation shield are then 
removed and the hole is filled with sand/bentonite. The fill is 
compacted to give it good bearing capacity and low permeability. 
Finally, a lid is placed over the hole. The filler material pro
vides sufficient radiation shielding for the personnel working in 
the storage tunnels. The properties of the quartz sand and ben
tonite mixture are described in section III:6.3. 

OPERATION OF FINAL REPOSITORY 

Deposition of the waste canisters begins when approximately one
fourth of the storage tunnels have been completed. The facility 
has been designed for complete physical separation of the con
struction work from the canister handling work. 

The handling system for the canisters is similar to that which is 
used in the intermediate storage facility and is based on known 
technology. The method of applying sand/bentonite fill is based 
on the robot spraying technique which has been used for many 
years in tunneling work. 

The facility and its operation will be inspected and supervised 
by such authorities as the Nuclear Power Inspectorate and the 
National Institute of Radiation Protection in the same way as a 
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Figure 8-3. Handling of waste canisters in final repository. 
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nuclear power station. It will be designed in accordance with the 
regulations issued by these authorities and in consultation with 
concerned personnel organizations. With regard to working en
vironment and occupational safety, see chapter I:10. 

PERMANENT CLOSURE 

When the final repository has been filled with canisters to de
sign capacity, the facility can be kept open and inspected as 
long as surveillance and maintenance of the drainage and ventila
tion systems and other essential auxiliary systems are considered 
desirable. The facility can then be sealed and finally abandoned. 

When it is sealed, the tunnel system is filled with a mixture of 
quartz sand and bentonite similar to that used to fill the holes 
around the canisters (see fig. 8-4). The lower part of this fill 
is carried out using conventional earthmoving and compacting 
methods and the upper part by spraying. The application technique 
and the swelling of the bentonite as it absorbs water ensure that 
the tunnel section will be filled completely. A mixture of sand 
and bentonite is also used to fill vertical shafts. Boreholes 
which have been drilled to investigate the bedrock are filled 
with pure bentonite. 

In this way, all cavities in the rock are filled with a material 
which is at least as impervious as the surrounding rock. In the 
storage hole, the fill material protects the canister from minor 
movements in the surrounding tock. 

It is assumed that observations and measurements of the ground
water system, rock stresses, temperatures etc. will be performed 
for a certain period of time following the closure of the final 
repository. A schedule for such activities will be drawn up in 
cooperation with the concerned authorities. 
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Figure 8-4. The sealed final repository. Tunnels and storage holes are completely filled with a 
buffer material consisting of quartz sand and bentonite. 
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9.1 

TRANSPORTATION SYSTEMS 

Power Station Central Storage Reprocessing 

TRANSPORT CASKS, GENERAL 

Intermediate 
Storage Encapsulation 

Final Storage 

Relevant portions of the IAEA's transport regulations shall be 
observed in connection with the transportation of spent nuclear 
fuel and other radioactive material (see chapter 1:12). 
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Both the spent fuel and the vitrified high-level waste contain so 
much radioactivity that they must be transported in containers 
which meet international requirements. The requirements which are 
applicable here are the IAEA regulations for TYPE B containers, 
which are described in greater detail in chapter 111:2. 

Every planned transport must be preregistered with the Nuclear 
Power Inspectorate, including specification of identification da
ta for the selected fuel elements and a preliminary timetable for 
the transport. Administrative routines for this work will bees
tablished by the Nuclear Power Inspectorate before the transpor
tation system is put into operation. Physical protection of the 
transports will also be arranged in accordance with the directiv
es of the Nuclear Power Inspectorate. 

The European transport casks which are currently in use weigh be
tween 30 and 70 metric tons and can transport between 1 and 2.5 
tons of nuclear fuel. They are of French, German or English de
sign. These three countries are currently operating a joint com
pany called Nuclear Transport Limited (NTL) which more or less 
has a monopoly on the European market. 

Figure 9-1 shows one of NTL's transport casks which is used for 
the transportation of spent fuel from the Oskarshamn plant to the 
reprocessing plant in Windscale, England. 

During the period 1966-1977, some 700 metric tons of spent 
nuclear fuel have been transported from light-water reactors to 
various European reprocessing plants. In the beginning, only re
latively low burn-up fuel was transported, while in recent years 
transports have been carried out with high burn-up fuel (30 000 
MWd/t) after only 6-9 months of cooling time at the reactor. 

Transport casks with a maximum weight of 40 metric tons are norm
ally carried on the public road network, while transport casks of 
higher weight are shipped by rail. The transportation of spent 
nuclear fuel from Italy, Spain, West Germany, Holland and Sweden 
to the English reprocessing plant at Windscale has been done by 
boat. 
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9.2 

Figure 9-1. Trailer and transport cask outside of the Oskarshamn plant. This equipment has been 
used to transport spent fuel to the harbour for further shipment to the reprocessing plant at 
Windscale. 

The trend is towards larger transport casks. Transport casks are 
now being planned with a weight of 100 tons and a capacity of 6 
tons of nuclear fuel. Such a transport cask is expected to be in 
operation some time in 1978. 

DESIGN OF TRANSPORT CASK 

A transport cask consists of the following main components: 

An inner cask fitted with a neutron-absorbing substance 
usually made of a heat-conducting material. 
A heavy-duty gamma ray shield made of a heavy material such 
as lead or steel. 
A neutron shield to reduce neutron emission. 
Heat-dissipating flanges on the outside of the transport 
casks or an air-cooling system. 
A shock absorber to protect the transport cask's cover and 
its connections. 

A transport cask for spent fuel or for high-level waste must meet 
the safety requirements of the IAEA transport regulations for 
TYPE B containers. This means that it must be able to withstand: 

A 9-metre free fall onto a hard surface. 
Free fall from a height of 1 metre against a solid steel cy
linder with a diameter of 15 cm. 
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Heating for 30 minutes to 800°c. 
Submersion in water to a depth of 15 metres. 

Furthermore, the transport cask must meet the requirements im
posed on TYPE A containers according to the IAEA regulations. 
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DESIGN OF A SWEDISH TRANSPORTATION SYSTEM FOR SPENT NUCLEAR 
FUEL 

Preparatory work 

In parallel with the conceptual study on the central fuel storage 
facility, SKBF is examining various alternatives for securing a 
reliable supply of transport resources within Sweden. 

Swedish transportation needs have been studied for the period 
1976-1991. Annual discharges of fuel elements expressed in tons 
of uranium are reported in chapter 1:2. These quantities are 
based on the six reactors now in operation and on continued 
expansion to thirteen reactors. 

In 1976, discussions were initiated with European and American 
organizations which work with the transportation of spent nuclear 
fuel for the purpose of examining the possibilities of procuring 
transport casks. 

Nuclear Transport Limited (NTL-Europe) currently seems to be the 
leading company in this field. In recent years, NTL has carried 
out hundreds of transports in Europe to such destinations as 
Windscale and La Hague. During 1978, NTL will put into use the 
largest transport cask ever available on the market - the NTL 12, 
which can transport up to 6 tons of nuclear fuel. A slightly 
smaller version called NTL 17 is in the design stage. It will be 
able to transport up to 3 tons of nuclear fuel. The NTL 11, which 
has already been put into operation, has the same capacity. The 
types of transport casks used by NTL are well-adapted to Swedish 
transportation requirements. 

The American consultancy firm Nuclear Assurance Corporation (NAC) 
has designed four transport casks which go under the type de
signation NAC-1 and are now in routine operation in the 
USA. NAC is currently designing a transport cask with a maximum 
capacity of 3 tons of nuclear fuel. This cask is equally well
adapted to Swedish requirements. 

SKBF is currently awaiting further developments on the transporta
tion market. One of the reasons for this is that COGEMA announced 
in July of 1977 that they plan to enter the nuclear fuel trans
portation field. It is important that any transportations system 
which is adopted be compatible with any existing standard Euro
pean system. 

Scope of transports 

Different alternatives have been studied in calculating the annu
al transport volume to the central storage facility. The required 
number of transport casks and the annual number of shipments by 
sea will depend on the following factors: 
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9.3.3 

Number of reactors in operation. 
Location of the central storage facility for spent nuclear 
fuel. 
Reception capacity of the central storage facility for spent 
nuclear fuel. 

The annual discharge volume in the equilibrium state after ex
pansion to 13 reactors will be approximately 1 400 fuel elements 
per year, corresponding to approximately 300 tons of uranium per 
year. A transport cask such as NTLll, NTL17 or the equivalent can 
transport max. 3 tons of nuclear fuel. When a state of equilibri
um has been attained, i.e. after the fuel accumulated at the 
nuclear power plants has been transferred to the central storage 
facility, the number of casks to be transported each year will be 
approximately 100. 6-8 casks are required for this volume. 

Transportation by sea 

It is assumed that it will be possible to transport spent nuclear 
fuel to the central storage facility by sea. The construction of 
a ship especially adapted for that purpose is considered economi
cally justifiable. 

A suitable size for such a ship is approximately 1 000 tons dwt. 
Such a ship can take up to 8 transport casks of the foreseen 
size, e.g. NTLll or 17, at a time. Avaiable Swedish tonnage in 
this size class is very limited. Moreover, it is difficult to 
adapt existing ships to the requirements which must be met by a 
ship which is used regularly for the transportation of spent 
nuclear fuel. Existing ships could be chartered for occasional 
transports, but since fuel will be transported throughout most of 
the year, this alternative would be uneconomical in the long run. 

The transport vessel must be equipped with particularly effective 
steering and mooring equipment. Its draught will be limited to 3-
4 m, which means that existing channels and harbours can be used. 
The ship will be designed either for conventional cargo handling 
or for roll-on roll-off. With conventional handling, the cargo is 
lifted directly down into holds by means of dock-based cranes. 
This method is used today at the nuclear power plants. With roll
on roll-off handling, the transport vehicle - the trailer - can 
drive both onto and off of the ships without requiring any lifts 
by harbour cranes. The harbours at all of the nuclear power 
plants can be adapted for such rational handling. 

The cargo must be anchored in the transport vessel in such a man
ner that it will not come loose in the event of a collision or if 
the ship runs aground. The hold is divided by watertight bulk
heads for added security against sinking. Should the ship never
theless go to the bottom, it must be easy to locate. It will 
therefore be equipped with some such device as an underwater 
transmitter which is automatically activated if the ship should 
sink. The shipping lanes and channels are shallow enough to 
permit salvage of both ship and cargo. 

The hull of the ship must be designed for running through ice. 
But a vessel of the size in question cannot function as an ice
breaker, which means that the assistance of icebreaker will be 
required under difficult ice conditions. 
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The time for delivery of a vessel of the type described here from 
a Swedish shipyard is currently 1 1/2 to 2 years. 

TRANSPORTATION OF VITRIFIED HIGH-LEVEL WASTE 

General 

The transportation of the waste cylinders containing the solidi
fied high-level waste from European reprocessing plants is handl
ed by the reprocessing company or by a transport organization 
contracted by the company. 

The waste cylinders will be transported from the reprocessing 
plant to Sweden in transport casks which are virtually identical 
to those used for spent nuclear fuel. NfL12 is one of the casks 
which may be used. It can transport up to 6 tons of nuclear fuel 
with a maximum permissible heat flux of 100 kW. Calculations 
carried out for this transport cask show that 15 waste cylinders 
can be transported. The heat flux is thereby 17 kW, which is far 
below the values permitted for the cask. The gamma ray and neu
tron shield is fully adequate to satisfy IAEA standards. 

Scope of transports 

After expansion to 13 reactors, the annual volume of fuel dis
charged from Swedish nuclear power plants will be about 300 tons 
of uranium, which corresponds to 300 waste cylinders. The ships 
which are used today have a cargo capacity corresponding to 6 
transport casks of type NTL12. A transport ship will thus be able 
to carry a maximum of 90 waste cylinders, corresponding to 3-4 
shipments per year if all nuclear fuel is reprocessed. 
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10 PROTECTION 

The word "protection" is used as a collective term to cover work
ing environment, rescue service, radiation protection, physical 
protection and wartime protection. These matters are dealt with 
in greater detail in chapter III:7. Matters of this nature are 
also dealt with in the descriptions of the design and functions 
of facilities and transportation systems. The working environment 
at plants for the reprocessing of nuclear fuel is dealt with in 
section III:4.1.4. 

10.1 WORKING ENVIRONMENT 

The Workers' Protection Act and various other statutes regulate 
matters of occupational hygiene in connection with the design, 
erection and operation of facilities. These matters shall be 
dealt with by inspection authorities and employee organizations 
before the facilities in question are erected. This report pro
vides information on the nature of the working environment issues 
and on how the design and operation of the facilities are affect
ed by attention to such matters. 

10.2 RESCUE SERVICE 

According to the Fire Protection Act, rescue service activities 
are aimed at minimizing damage to human beings, property or the 
environment in the event of fires, floods or other emergencies. 
Fires can cause severe damage to subsurface facilities, so speci
al attention must be devoted to fire protection aspects in the 
design of such facilities. Responsibility for such matters in 
Sweden rests with county and municipal authorities. 

10.3 RADIATION PROTECTION 

Matters pertaining to the handling of radioactive waste and occu
pational hygiene conditions in connection with work in a radioac
tive environment are dealt with by the National Institute of 
Radiation Protection with the support of the Radiation Protection 
Act. A proposal has been submitted for certain alterations in the 
legislation. The recommendations of the International Commission 
on Radiological Protection (ICRP) comprise the basis for deter
mining permissible radiation doses. 
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Principles and rules for the handling of radiation protection 
matters shall be examined by the National Institute of Radiation 
Protection. Data on individual doses shall be reported to the in
stitute. The precautions which are required to achieve good radi
ation protection hygiene in connection with the transport, handl
ing or storage of high-level waste are not expected to pose any 
particular difficulties. 

10.4 PHYSICAL PROTECTION 

The expression "physical protection" is a collective term for a 
series of safeguards against theft, sabotage and other acts of 
violence. The National Nuclear Power Inspectorate, with the sup
port of the Atomic Energy Act, is the inspection authority in 
charge of the physical protection of fissionable material and 
nuclear power plants. The inspectorate issues directives and re
gulations and supervises and enforces compliance therewith. For 
the police activities which may be required in connection with 
such activities, the Nuclear Power Inspectorate cooperates with 
the National Police Board, which is responsible for keeping sub
ordinate agencies up-to-date on current regulations. 

The physical protection safeguards at operating nuclear power 
plants are gradually being augmented to comply with the tentative 
regulations issued by the Nuclear Power Inspectorate. At present, 
there are no corresponding regulations for facilities for the 
treatment and storage of high-level waste. These facilities are 
considerably less technically complicated than nuclear power 
plants and probably of less interest to saboteurs, so the regula
tions regarding their physical protection should be simpler. 

In the KBS study, however, it has been assumed that the protec
tion at such facilities shall be largely equivalent to that at a 
nuclear power plant. This means that physical protection is di
vided into three main components: district or peripheral protec
tion, shell protection (which is provided by robust building 
structures) and special protection for equipment included in vit
al safety systems. This last type of protection may include, for 
example, redundant auxiliary systems or administrative rules for 
authorized entry. 

Physical protection in connection with the transportation of 
nuclear material shall comply with the guidelines issued by the 
Nuclear Power Inspectorate and already applied to the transporta
tion of spent fuel. 

10.5 WARTIME PROTECTION 

The requirement for wartime protection is justified primarily by 
the fact that protection is required against damage which would 
lead to the escape of radioactive materials. It has therefore 
been deemed appropriate that the Nuclear Power Inspectorate, in 
consulation with the Commander-in-Chief of the Swedish Armed 
Forces and the National Institute of Radiation Protection, issue 
the directives and guidelines which may be considered necessary 
from the viewpoint of wartime protection. However, this question 
has not yet been formally regulated. 
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The emplacement of facilities for the handling and storage of 
high-level waste in rock permits a solution which adequately sa
tisfies the demands for protection against conventional weapons. 
The final repository, with a rock coverage of 500 metres, pro
vides adequate protection against nuclear weapons as well. 
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11 SITING ASPECTS 

11.1 SITE REQUIREMENTS 

The transportation system comprises a vital link in the handling 
chain. Since all Swedish nuclear power plants, as well as the 
European reprocessing plants in question, are situated on water
ways, all long-distance transports are expected to be made by 
sea. Only transports between harbours and plants will be made by 
land. The transportation system therefore requires access to 
suitable shipping lanes, channels and harbour sites. From the 
viewpoint of transportation, it is an advantage if the various 
facilities can be situated on or near the coast. 

The central fuel storage facility described in chapter 1:4 
should, in view of the large concentration of radioactive materi
al there, be provided with good protection against acts of war 
and sabotage. The storage section at least should therefore be 
situated in an underground rock vault. Site choice is determined 
primarily by proximity to the coast, availability of suitable 
bedrock, possibilities for coordination of manpower resources and 
service facilities with existing facilities and potential for fu
ture expansion. 

A preliminary study carried out by PRAV has reconnnended Forsmark, 
Oskarshamn and Studsvik as suitable alternative sites. 

The intermediate storage facility for waste cylinders described 
in chapter 1:6 imposes basically the same site requirements as 
the central storage facility. 

The encapsulation station described in chapter 1:6 can also be 
located to advantage in a rock cavern. But in view of the limited 
quantities of radioactive material which are present in such a 
station at any one time, this should not be made as a require
ment. Local conditions and coordination with other plant sections 
should determine whether the station is to be located in rock or 
on the surface. In the present study, the encapsulation station 
has been located in a rock cavern adjacent to the intermediate 
store. 

The final repository described in chapter 1:8 requires primarily 
that the site have a stable bedrock with small and slow ground
water movements. Due to limited time and resources, KBS has chos
en to restrict its investigations to three areas with somewhat 
different types of bedrock, namely around Forsmark, Oskarshamn 
and Karlshamn. The studies of the final repository have been 
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applied to the geographical and geological conditions existing at 
Finnsjon near Forsmark. This site was chosen merely to give the 
study some geographical anchorage and is not necessarily more 
advantageous than other possible sites. Before a decision is made 
regarding the location of the final repository, comprehensive 
studies and investigations should be conducted over a number of 
years within possible areas. Existing knowledge of the charac
teristics of the bedrock in various parts of Sweden indicate that 
the coastal areas from Uppland to Blekinge contain many sections 
of rock which are well-suited for a final repository. 

11.2 ENVIRONMENTAL IMPACT 

The environmental impact of radioactive releases is dealt with in 
chapter I: 13. 

During the construction and operation phases, which partially 
overlap, the following environmental effects are possible: 

Interference with local residential, communication and in
dustrial structures. 
Alteration of the landscape profile. 
Noise. 
Polluting discharges. 

The extent of such impact can be limited by giving preference to 
sites which are of less interest for housing and industrial de
velopment. On the other hand, relatively closely situated housing 
accomodations and social services will be required for the con
struction personnel during the construction phase, so the dis
tance to the nearest connnunity should not be too great. 

The landscape profile will be affected not only by the actual 
construction site, but also by access roads, power lines, harbour 
facilities etc. as well as stockpiles for surplus materials. If 
surplus materials from rockworks are used as backfill or as con
crete aggregate or road-building material, the size of such 
stockpiles can be limited. 

The noise control measures which are required to make the con
struction site acceptable from the viewpoint of occupational hy
giene can also be assumed to be sufficient from the environmental 
viewpoint. The same applies to the control of dust from stone 
crushers and material stockpiles. 

Warm ventilation air will be discharged from the intermediate 
storage facility and the final repository. But due to rapid 
dilution in the atmosphere, little environmental impact is fore
seen. 

In the encapsulation station, certain chemicals may be used for 
cleaning transport casks and glass cylinders. These chemicals 
shall be handled and disposed of in accordance with current regu
lations and government directives. Methods for this are known and 
have been used previously at nuclear power plants. 
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11.3 JOINT SITING 

The question of how different facilities can suitably be jointly 
sited is contingent upon the following factors: 

Local conditions. 
Possibilities for rational coordination of activities. 
Deadlines for completion of the facilities. 
Time required to obtain the necessary information through 
studies. 

In principle, the encapsulation station can be located at any 
point in the chain reprocessing - intermediate storage - final repo
sitory. One factor in favour of having encapsulation near the fi
nal repository in both time and space is the fact that technical 
developments during the intermediate storage phase can be ex-
ploited in the final design of the encapsulation process. 

Theoretically possible siting alternatives are illustrated in 
fig. 11-1. The following comments can be made regarding the 
various alternatives. 

Alternative 1 

The comprehensive studies and licensing procedures which must 
precede a decision on the siting of the final repository cannot 
be completed by the time when the site of the fuel storage faci
lity must be decided. There is therefore no reason to consider 
this alternative. 

Alternatives 2 and 3 

These alternatives are feasible provided that the site for the 
fuel store is chosen so that space and suitable bedrock is avail
able for other required facilities as well. But alternative 3 
should be given priority, since there are closer constructional 
and operational ties between encapsulation and final storage than 
between intermediate storage and encapsulation. The dates by 
which the various facilities have to be completed also speak for 
alternative 3. 

Alternative 4 

The present study is based on this alternative for the following 
reasons: 

Good possibilities for rational coordination of service and 
manpower resources. 
Only three external transport phases. 
The siting is not bound to the fuel storage facility. 

One disadvantage is that the decision on the location of the 
final repository must be made at the same time as the site for 
the intermediate storage facility is decided, i.e. at least 15-20 
years earlier than is actually necessary (see 1:14). 
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Alternatives 5 and 6 

These alternatives provide poorer opportunities for-coordination 
of resources than the previous alternatives, since they require 
the establishment of an additional site. Of the two, alternative 
6 is preferable for the same reasons given for alternatives 2 and 
3. 

Alternative 7 

This alternative provides the poorest opportunities for coordina
tion and the most external transport stages and should therefore 
be discounted. 

Summary 

Of the siting alternatives shown in fig. 11-1, alternative 4 was 
chosen for presentation given in this report. 

But it is possible that future studies will show that alternative 
3 is preferable. Activities at the central fuel storage facility 
and the intermediate storage facility for waste cylinders are of 
the same character and considerable savings can be made at an 
early stage by coordinating service facilities and personnel. 
This will be especially true if there is little reprocessing of 
Swedish nuclear fuel in the near future. In this case, only a few 
waste cylinders will have to be disposed of in Sweden during an 
initial phase and the separate location of an intermediate stor
age facility would be less attractive. 

11.4 COORDINATION WITH FACILITIES FOR OTHER TYPES OF RADIOACTIVE 
WASTE 

In keeping with the provisions of the Conditions Act, KBS has on
ly dealt with high-level waste from nuclear fuel. Methods and fa
cilities for disposing of medium- and low-level waste are cur
rently being studied by PRAV. In designing the requisite fa
cilities, optimum coordination of the handling of all types of 
radioactive waste should be considered. 



12 LAWS, STANDARDS, AND GROUNDS FOR 
EVALUATION 

12.1 GENERAL 
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In general, very stringent safety rules are applied to nuclear 
power activities, as a result of which the risks to human health 
and the environment associated with nuclear powe~ are very low. 
This high level of safety is a direct consequence of the exten
sive work on criteria and standards aimed at creating safe de
signs and the rigorous radiation protection recormnendations for 
plant personnel and the general population issued by the Inter
national Commission on Radiological Protection (ICRP), whose 
principles have been accepted in all countries. 

The work of other organizations, such as the World Health Orga
nization (WHO) and the International Atomic Energy Agency (IAEA), 
as well as national authorities, has also contributed towards the 
safe and environmentally hygienic peaceful utilization of nuclear 
power. 

Loss liability in the area of nuclear energy is regulated in most 
western Eueopean countries by the Paris Convention. The Paris 
Convention and its supplementary convention are complemented by 
the Brussels Convention, which regulates loss liability associat
ed with the transport of nuclear fuel by sea. In Sweden, such 
liability is regulated by the Atomic Liability Act of 1968 (SFS 
1968:45), which places the liability for an atomic accident with 
the plant owner. However, the plant owner's liability is limited 
to SKr 50 million per accident. Sums in access of this are paid 
by the State up to SKr 350 million, and after that up to approxi
mately SKr 600 million by the states which have ratified the 
Brussels Convention. 

Nuclear activities in Scandinavia must also comply with the Nor
dic Environmental Protection Convention. This convention was ra
tified by Sweden in 1976. 

The dumping of wastes, including radioactive waste, in the sea is 
regulated by the London Convention. The Swedish Parliament, how
ever, has prohibited the dumping of Swedish radioactive waste at 
sea altogether. 

12.2 LAWS AND REGULATIONS 

In Sweden and other countries, nuclear activities are regulated 
by a number of mutually complementary laws aimed at ensuring 



92 

safety and protection for plant personnel, the general population 
and the environment. The central law within the field of nuclear 
power in Sweden is the Atomic Energy Act (SFS 1956:305), which 
requires permission from the Government or an authority appointed 
by the Government for the erection and operation of nuclear power 
plants or plants for the processing of nuclear fuel. 

The supervisory authority designated by the Atomic Energy Act is 
the Swedish Nuclear Power Inspectorate, which is responsible for 
such matters as examining the safety of nuclear facilities and 
the design of various safety systems. Fissionable material safe
guards and permits for the transportation of fissionable material 
also come under the authority of the Inspectorate. 

The Radiation Protection Act contains provisions governing work 
with ionizing radiation, among other things. Permission for such 
act1v1t1es is required from the inspection authority, the Na
tional Institute of Radiation Protection. Conditions and direc
tives governing such activities are also issued by this authori
ty. Matters pertaining to radiation protection in both the work
ing environment and the external environment are also regulated 
by the Institute, which issues directives concerning: 

Maximum permissible occupational doses and the measurement 
and reporting of such doses. 
Maximum permissible releases of radioactive substances and 
how such radioactivity is to be measured and reported. 
Environmental monitoring with sampling and analyses of 
different types of samples as well as direct measurements. 

Other Swedish laws which govern nuclear activities are: 

Environmental Protection Act 
Workers' Protection Act 
Building Act 
Emergency Planning Act 

12.3 INTERNATIONAL RECOMMENDATIONS 

International organizations such as the International Commission 
on Radiological Protection (ICRP), the United Nations' Interna
tional Atomic Energy Agency (IAEA), the World Health Organization 
(WHO) and the OECD's Nuclear Energy Agency (NEA) agree on the 
following fundamental principles: 

No activity which entails the irradiation of personnel or 
population shall be accepted unless it can be demonstrated 
that its advantages outweigh its disadvantages from the 
viewpoint of society. 
The activity must be acceptable with respect to radiation 
risks. 
All radiation doses shall be kept within limits which are 
regarded as reasonable on the basis of economic and social 
considerations. 
No individual shall be subjected to radiation doses which 
exceed the dose limits recommended by the ICRP, either now 
or in the future. 

The most recently updated edition of the ICRP recommendations 
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(12-2) was published in September of 1977. The intentions of this 
and previous relevant publications from the ICRP served as a 
basis for the work of this project. 

The recommendations concerning maximum permissible radiation 
doses have not been changed. Thus, the following limits apply: 

Radiation dose to personnel in radiological work, 5 rems per 
year. 
Radiation dose to individuals in the population, 0.5 rems 
per year. 

The term "weighted whole-body dose" has been introduced. The 
purpose of this is to weigh together all doses to different or
gans to arrive at a representative whole-body dose. 

The term "dose corrnnitment" has been introduced. By dose corrnnit
ment is meant the sum of the annual radiation doses which are the 
results of releases over one year. This means that the annual ra
diation dose in a future postulated state of equilibrium is equal 
to the dose commitment from the releases over a single year. Dose 
commitment can also designate the total dose load from accidental 
releases.· 

The term "collective dose" refers to the sum of all of the indi
vidual doses within a given population. The purpose of setting a 
limit for the collective dose is to limit the future mean dose -
and thereby the number of injuries - from a fully expanded 
nuclear power industry. 

12.4 SWEDISH RADIATION PROTECTION STANDARDS AND CRITERIA 

New regulations governing the release of radioactive substances 
from nuclear power plants were adopted by the government in 1977 
on the basis of proposals from the National Institute of Radia
tion Protection (12-3). These regulations will enter into effect 
in 1981. Transitional regulations will apply until then. 

The new regulations stipulate limits for whole-body doses to 
nearby residents and collective doses to the entire population. 
The- values which are specified are: 

The sum of the weighted whole-body dose to nearby residents 
should be less than 10 mrems per year. 
The global weighted collective dose commitment should be 
less than 0.5 manrems per year and MW installed electrical 
output (MWe). 

These limits are considerably more stringent than former limits. 
They have been determined on the basis of an evaluation of what 
is currently the lowest dose load which can reasonably be achiev
ed. 

If these requirements are fulfilled, acute injuries to any indi
vidual will be entirely eliminated. The safety margin to direct 
health effects is several orders of magnitude. 

The limits stipulated by the new standards aim at minimizing the 
risk of delayed effects, both somatic and genetic. The reference 
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value of 10 mrems per year contributes less than 10% to the 
normal radiation environment. 

The regulations governing releases of radioactivity from nuclear 
power plants also include provisions concerning: 

Countermeasures in the event of elevated release levels. 
Routines for inspection and reporting. 
Scope of environmental studies. 

The transport regulations of the International Atomic Energy 
Agency, Regulation for the Safe Transport of Radioactive Materi
als (IAEA Safety Series No. 6), govern the transport of spent 
nuclear fuel and other radioactive material. There are also Swe
dish and international rules governing transports via various 
means. The supervisory authorities are the Nuclear Power Inspec
torate and the National Institute of Radiation Protection. 

12.5 DESIGN STANDARDS 

Special rules for nuclear facilities other than nuclear power 
plants - such as central storage facilities for spent fuel, final 
repositories and intermediate storage facilities for high-level 
waste and encapsulated spent fuel - have not yet been issued in 
Sweden. But the general principles established for nuclear power 
plants should also be applicable to the safety measures and the 
evaluation of safety and environmental aspects in these areas. 
Some modifications may be necessary depending on the nature of 
the facilities and processes. General protection principles have 
already been established for the transportation of spent fuel and 
for the storage and treatment of such material. 

Some design standards concerning the storage of spent nuclear 
fuel and radioactive waste have been established in the United 
States as well as in West Germany. These standards apply to 
temporary storage. Standardization work is currently underway in 
these countries concerning the later stages of the nuclear fuel 
cycle, including the final storage of high-level waste. 

In the USA, the Nuclear Regulatory Commission (NRC) is pursuing a 
broadly-based programme aimed at establishing standards and li
censing requirements with regard to the location, design and ma
nagement of facilities for radioactive waste. This prograrrnne in
cludes criteria aimed at ensuring the safety of the environment 
and of the personnel in the handling, transport, storage and 
final disposal of vitrified high-level waste. The initial 
results of this work are expected to be published during 1978. 
Work is also currently under way on design criteria for storage 
rooms for high-level waste. These criteria are expected to deal 
with the following points: 

Quality assurance measures for design and construction. 
Performance requirements for containment barriers. 
Requirements on nuclear safety. 
Compatibility between waste forms and containment media. 
Protection against mechanical damage. 
Security requirements. 

These pending licensing requirements in the area of nuclear waste 
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have been given the working title 10 CFR 60 "Licensing of Radio
active Waste Management Facilities". More detailed design direc
tives in this connection are expected to be presented by the NRC 
in Regulatory Guides. 

A more thorough description of the situation concerning stan
dardization work in the USA is provided in a KBS report 
/12-1/. 

12.6 GROUNDS FOR EVALUATION WITH REGARD TO FINAL STORAGE 

Safety criteria for final storage have not yet been established, 
but work is being pursued in this area in many different count
ries and in international cooperation. One of the requirements is 
that the long-term environmental load must be acceptable. 

As regards the final repository, special attention must be paid 
to the ICRP's rule that no individual, either now or in the fu
ture, shall receive radiation doses which exceed the dose limits 
recommended by the ICRP. The current limit for individuals is 500 
mrems/year from all activities which can give rise to radiation 
with the exception of medical uses of ionizing radiation. On the 
basis of considerations of what is technically feasible and 
economically reasonable on the one hand and improved protection 
on the other, national regulations for nuclear power plants have 
been issued which stipulate 10-50 mrems/year for nearby resi
dents. 

Thus, the release of radioactive substances from a final reposi
tory shall not give rise to more than a fraction of 500 mrems/ 
year and person to nearby residents for all future time. Beyond 
this, the usual rule that all measures which are socially and 
economically acceptable shall be adopted to reduce the dose load 
shall apply. 

In order to protect large population groups against genetic 
effects in the long run, a rule concerning the limitation of 
collective doses similar to the one which is currently applicable 
to nuclear power plants should also be applied to waste and fuel 
management facilities. 

In this connection, Sweden and the other Nordic countries are 
campaigning for the adoption of a rule which would specify a dose 
limit per unit of electrical output for nuclear power as a whole, 
namely 1 manrem/MWe per year (12-4). Since 0.5 manrem/MWe per 
year has been allocated for the operation of nuclear power sta
tions, 0.5 manrem/MWe remains for the other parts of the fuel 
cycle, including the final repository. All dose loads during the 
entire nuclear power era shall thereby be taken into considera
tion, whereby long-lived elements shall be totalled over 500 
years. In the case of extremely longlived radioactive elements, 
the annual radiation doses shall remain low in relation to the 
natural radiation level. The choice of a level of 1 manrem/MWe is 
based on the goal of a maximum of 10 mrems/year and person and 
the assumption of an average global electrical power production 
from nuclear energy of 10 kW per person. This greatly exceeds the 
present total power consumption per inhabitant in the industrial 
countries and entails a large safety margin. As a comparison, it 
can be mentioned that electrical power consumption per person is 
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highest in Norway, with an average of more than 2 kW per year 
(1975). The corresponding figure for Sweden is 1.1 kW. 

12.7 MANKIND'S CURRENT RADIATION ENVIRONMENT 

Radioactive elements exist in nature and ionizing radiation from 
these elements is responsible for a portion of the natural back
ground radiation level. Additional irradiation of man stems from 
a number of different sources, for example from building materi
als in residences and from the medical use of radiation. 

The background radiation occurring in nature comes from cosmic 
radiation, radiation from radioactive elements in the bedrock and 
radiation from radioactive elements absorbed in the body. The na
tural background radiation level in Sweden is between 70 and 140 
mrems/year (12-5). The body's natural absorption of potassium-40, 
uranium, thorium and radium along with their daughter products 
gives an average dose of 20 mrems/year in Sweden. 

The radiation dose from building materials in buildings varies 
widely. Radiation doses between 20 and 200 mrads*/year in connec
tion with uninterrupted presence indoors for the whole year are 
common (12-6). Values up to 700 mrads/year have been measures as 
external doses (12-7). The weighted internal whole-body dose 
caused by radon in our homes is between 10 and 1 000 mrems/year 
(12-8). Medical irradiation provides an extra annual dose of 
approximately 40 mrems per person. 

Most products in our environment, both natural and manufactured, 
are weakly radioactive. Drinking water in Sweden contains, for 
example, radium-226 at levels which vary between 0.1 and 40 pCi/1 
(12-9). On the basis of the same calculating principles used for 
the final repository, this gives doses between 1 and 400 mrems/ 
year. Natural waters also contain uranium at levels which are 
normally between 0.1 and 5 pCi/1, but extreme values of up to 
1 500 pCi/1 have been measured (12-10). 

* The absorbed dose is given in rads, while the biologically 
weighted dose is given in rems. Except in the case of alpha 
radiation, the rad and rem values are numerically equi
valent. 
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13 SAFETY ANALYSIS 

13.1 GENERAL 

13.2 

13.2.1 

The handling chain for spent nuclear fuel and vitrified high
level.waste described in chapters 3 to 9 has been thoroughly ana
lyzed as regards safeguards against the dispersal of radioactive 
substances. The emphasis has been placed on those processes which 
are intended to be carried out in Sweden. Reprocessing and vitri
fication will be done abroad, and these stages have not been ana
lyzed in detail by the project. For all of the other processes, 
including all transport operations, an analysis has been carried 
out in an attempt to assess the normal releases of radioactive 
substances which might occur and the probability and consequences 
of releases in connection with accidents. 

Final storage has been analyzed with respect to the different 
phenomena which can contribute towards the slow dispersal of ra
dioactive substances. The possibilities of various extreme events 
in connection with final storage hav8 been surveyed. 

In order to provide a basis for determining whether handling and 
final storage can be effected in an absolutely safe manner, a 
comparison is made with the grounds for evaluation described in 
chapter 12. 

This chapter summarizes the detailed report on the safety ana
lysis which is submitted in volume IV. 

SAFETY IN CONNECTION WITH HANDLING, STORAGE AND 
TRANSPORTATION 

Handling stages and methods 

Safety in connection with the handling, storage and transporta
tion of spent fuel and vitrified high-level waste is described in 
a brief summary. A more detailed treatment is provided in chapter 
IV: 4. 

The following handling stages are dealt with (see figure 13-1): 

Transportation of spent fuel elements from the reactor sta
tion to a central storage facility. 
Reception and storage in the central storage facility for 10 
years. 
Discharge of spent fuel from the central storage facility 
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Figure 13-1. Handling chain for storage of spent fuel and vitrified waste. 

and transportation to a foreign plant for reprocessing, 
where the high-level waste is vitrified. 
Transportation of vitrified waste back to domestic interme
diate storage facility. 
Storage of waste for 30 years in intermediate storage faci
lity. 
Encapsulation of vitrified waste in canisters of titanium 
and lead. 
Deposition of the encapsulated waste in a rock repository 
approx. 500 m down in the bedrock. 

Personnel and the environment may be subjected to radiation in 
connection with both normal operation and incidents. Shielding 
and other normal radiation protection measures shall be institut
ed and implemented to such an extent that dose loads are limited 
in compliance with the reconnnendations and requirements of the 
ICRP and the National Institute of Radiation Protection. Protec
tion for personnel engaged in the operation and maintenance of 
the facilities is dealt with in chapter III:7. 

In the safety analysis, various safety precautions have been 
studied and normal radioactive releases have been evaluated. The 
analysis of accidents or failures has dealt with failures which 
can damage one or more of the barriers which protect against the 
escape of radioactive substances. 
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The failure analysis assesses the release of radioactive sub
stances in connection with various failures and accidents and the 
probability that such inadvertent releases will occur. 

The radiological consequences are described in the form of the 
individual dose for the most-exposed population group and the 
collective dose commitment, which is a measure of the long-term 
dose load on the population. 

Adverse environmental effects due to accidents at plants and 
during transportation and from normal releases are judged to be 
much less serious than in the case of nuclear power plants, both 
as regards probability and consequences. This is due to the fact 
that pressure and temperature are lower and that the radioactive 
substances are constantly encased and isolated from the environ
ment. The chances of a sudden and heavy release of radioactive 
substances are nill or negligible. Furthermore, such events de
velop much more slowly and allow more time for countermeasures. 

Radioactive substances in spent fuel 

Immediately after reactor shutdown, power generation in the fuel 
elements declines sharply, but some heat continues to be gene
rated as a result of the decay of the radioactive elements formed 
during reactor operation. One minute after shutdown, heat genera
tion has dropped to 5% of operating output and then continues to 
decrease rapidly. After a month, it is around 0.1%. Radioactivity 
declines at roughly the same pace. 

Transportation of spent fuel from the reactor to a central stor
age facility takes place at the earliest 6 months after discharge 
and normally even later. The calculations in the safety analysis 
are based on the transport of one-year-old fuel to the central 
storage facility. 

In the transport safety analysis, cesium-134 and cesium-137 are 
the main sources of radiation doses in the event of a failure. 
However, the only radioactivity which is available for leakage is 
that which has been released from the ceramic fuel and has accu
mulated in cavities inside the canning. This portion has been 
assumed to be 1% for cesium, which available information indi
cates is on the pessimistic side. Burn up has been assumed to be 
33 000 MWd/ton uranium. 

Central storage facility for spent fuel 

The safety analysis was carried out for the type of central stor
age facility for spent nuclear fuel which is described in a pre
liminary study conducted by PRAV. Certain modifications may be 
made in the follow-up study which is currently being conducted 
within SKBF. 

The facility is designed with a special emphasis on: 

Keeping the dose load on the personnel as low as possible. 
Preventing the release of radioactive substances which could 
escape to the environment. 
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The radiological safety of the personnel is guaranteed by a num
ber of safeguards, such as: 

Amply dimensioned radiation shields in the form of e.g. con
crete walls and water barriers. 
Monitoring instruments for checking direct radiation and 
airborne activity. 
Remote control of active components and systems. 
Dose monitoring of personnel. 

The storage pools are located underground with a 30 m rock cover, 
which provides the stored fuel with an effective barrier against 
external forces. 

The ventilation systems are sized to guarantee acceptable tempe
rature and humidity. The areas for fuel discharge and other areas 
where there is a risk for airborne radioactivity are maintained 
at a lower pressure than the surrounding parts of the building. 
Radioactive substances are collected in filters before the venti
lation air is discharged to the atmosphere. 

The storage pools will be designed as free-standing thick-walled 
units lined with stainless steel. The external walls of the con
crete structure are accessible for inspection and any leakage can 
be diverted via collection ducts behind the welded joints in the 
stainless steel plate and collected in a drainage system. This 
permits leakage to be detected at an early stage. 

The pools do not have any low-level pipe connections. This pre
vents inadvertent emptying of the pools. The cooling system is 
designed for maintaining the water temperature at 25-30°C nor
mally and below S0°C in the event of isolated component failures. 
If external cooling should fail completely, despite redundant 
components and a back-up power system, the temperature of the 
water in the pool will rise. If no countermeasures are adopted, 
it will take more than a week before the pools reach the boiling 
point. But the fuel can be cooled by make-up feed, so the fuel 
will not be damaged due to exposure. 

The configuration of the fuel in the tanks has been analyzed for 
criticality. The calculations show a good safety margin to criti
cality, even for unirradiated fuel. It is improbable that the 
fuel will be redistributed due to an accident to a configuration 
which possesses higher reactivity than the normal storage confi
guration. Since the fuel in the central storage facility is 
spent, there is no risk for a critical configuration. 

In order to minimize the fire hazard, the facility is divided in
to fire cells and equipped with an automatic fire alarm system, 
fire ventilation and fire extinguishing equipment adapted to the 
nature of the different areas. The fire load is low throughout. 

The risk of rock collapse can be aliminated by means of conven
tional construction methods, such as rock reinforcement. 

The 70-110 ton cask for spent fuel is transported from the har
bour to the reception section on a trailer towed by a tractor ve
hicle. In order to reduce the risk of transport accidents, trans
port speed has been limited to 10 km/h. The grade in the tunnel 
is a maximum of 1:10 and long straightaways have been avoided. 
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The transport cask is moved horizontally within the reception 
section by means of an overhead crane over a reinforced floor 
section. Where vertical movements are required, lifting heights 
are limited as far as possible and the overhead cranes are 
equipped with extensive safety devices. 

Many years of experience has been gained in the storage of spent 
fuel in water pools. There is normally some small leakage of 
radioactivity from the fuel to the water in the pool. This is 
disposed of by cleaning circuits in the same way as in nuclear 
power plants. Small quantities of krypton-85 and tritium are en
trained in the ventilation air and released to the atmosphere. 
Traces of iodine and particulate activity may also be released to 
the atmosphere. But most remains in the water and is collected by 
the ion-exchangers in the cleaning circuits. 

Normal releases of radioactivity to the environment are very 
small and give rise to insignificant radiation doses to nearby 
residents (on the order of 0.0001 rems/year). 

The central storage facility has been designed to reduce the pro
bability of major failures to a very low level. The accidents 
which could nevertheless conceivably occur are restricted to mi
nor incidents with moderate releases of activity. 

The following accidents have been analyzed with respect to conse
quences and probability: 

Transport cask dropped 
Fuel cassette or other object is dropped 
Fuel element is dropped 

These accidents would entail a release of max. 4 000 Ci krypton-
85, which gives radiation doses less then 0.1 millirem. The pro
bability of the maximum releases has been estimated to be about 
0.0004 per year. 

A central storage facility for spent nuclear fuel thus entails 
negligible radiation risks to the environment. 

Transportation of spent fuel and vitrified, high-level waste 

A description of the transportation system is provided in chapter 
I:9. Type B containers are used for the transports. These con
tainers comply with the rules issued by the IAEA (International 
Atomic Energy Agency in Vienna) for design, construction and 
testing. The aim of these rules is to ensure that the transport 
cask for the radioactive material is designed to provide suffi
cient security against the escape of radioactive substances as a 
result of accidents. The intention is that all transports shall 
be possible with the use of conventional, generally available ve
hicles and without any special radiation surveillance. The rules 
therefore prescribe the following categorical tests, which are 
designed to simulate a serious accident: 

Fall from 9 m onto a hard, flat surface. 
Fall from 1 m onto a solid steel cylinder with a diameter of 
15 cm. 
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Heating for 30 minutes to 800°C. 
~ Immersion in water at a depth of 15 m for 8 hours. 

The first three tests shall be carried out in sequence on the 
same cask. The cask shall pass these tests without any leakage. 
Specified requirements are also made on radiation shielding and 
cooling. 

The cask shall be handled in accordance with detailed instruc
tions. Transports outside of the plant area must be registered 
with and approved by the authorities in the concerned countries 
in advance. 

Safety can be further enhanced by the use of specially-made 
ships. The ship which is planned for the purpose shall be equip
ped with special safety-enhancing equipment: 

Reinforcement for travel through ice. 
Monitoring equipment for radiation. 
Carbon dioxide system for fire extinguishing. 
Automatic sprinkler system. 
Device for tracking after sinking. 
Extra communication equipment. 

Observations after actual transport accidents as well as special 
full-scale collision tests show that the casks can actually with
stand greater stresses than those specified in the testing direc
tives. But in order to investigate the potential environmental 
consequences of various transport accidents and failures, it has 
been assumed that the casks can be damaged in rare cases. 

There are three different types of transports between plants: 

Transportation of fuel elements from the reactor station to 
the central storage facility. 
Transportation of fuel elements from the central storage fa
cility to a foreign reprocessing plant. 
Transportation of vitrified waste from a foreign reprocess
ing plant to a Swedish intermediate storage facility. 

The types of accidents and failures which have been considered 
are: 

1 The transport cask is dropped in connection with loading or 
unloading. 

2 The ship runs aground or sinks. 
3 Ship collision. 
4 Long-lasting fire onboard. 
5 Collision and fire onboard. 
6 Trailer collision with and without fire. 

The most severe case is a ship collision with fire onboard. The 
probability of such an accident has been calculated to be 
3 x 10-6 per year (three such accidents every million years). 
Some cesium and krypton-85 could then be released. The maximum 
collective dose to the population in the event of such an acci
dent has been calculated to be about 30 000 manrems. This assumes 
that the accident takes place near a major city. Thus, the pro
bability of this worst consequence is considerably lower than the 
actual average value given for this type of accident. 
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The safety analysis shows that transport of spent n~clear fuel 
entails very small risks for the escape of radioactive substanc
es. Even in the event of such an improbable event occuring, the 
consequences of any release of radioactive substances would be 
slight. 

Intermediate storage, encapsulation and deposition of vitrified 
waste 

The intermediate storage facility is designed on the basis of ex
periences from the Marcoule plant in France. Design criteria si
milar to those for the central fuel storage facility have been 
used. Safety requirements played an important role in determing
ing the design of the plant. 

The emplacement of the intermediate storage facility in rock pro
vides good protection against external forces, acts of war etc. 

The waste cylinders are thoroughly deconta~inated from surface 
activity but must be radiation-shielded in order to permit hand
ling. The concentration of radioactive waste in the glass is 
approx. 9%. The waste has cooled for about 10 years before it is 
transferred to the intermediate store. As a result, heat flux has 
declined to about 1.2 kW/cylinder. The waste cylinders arrive 
protected by the transport cask. The waste cylinders are handled 
in closed rooms with thick radiation-shielding walls, constant 
underpressure and instrumental monitoring. 

Transfer casks with built-in radiation shielding are used to move 
the waste cylinders. They are han:dled by overhead cranes and the 
cylinders are transported very close to the floor. The most im
portant safety precaution is to maintain cooling of the storage 
section. Normally, cooling is provided by two fans connected in 
parallel. A third fan can be turned on when needed. There is also 
a fourth fan on the surface. A diesel generator provides an aux
iliary power supply. Normally, the exhaust air temperature is 
about 80°C. If one fan fails, the back-up fan is automatically 
switched on. When only one fan is used for cooling, the tempera
ture rises to about 110°c after 40 hours. If all fans should fail 
in an extreme case, a by-pass duct with an automatic damper per
mits air to circulate with natural convection. The temperature 
then rises to max. 340°c, which is attained after 40 hours. This 
does not lead to any release of activity. 

The steel casing around the glass body is carefully cleaned dur
ing fabrication and all handling of waste cylinders is performed 
under dry conditions, so the risk for surface contamination is 
small. Since the waste is incorporated in the glass, which is in 
turn enclosed in tightly welded cylinders, no radioactivity is 
released during the storage period. Ten years of experience in 
the storage of high-level glass is available from Marcoule plant 
in France. During this time, no radioactivity has been detected 
in the ventilation filters. 

The probability of failures in the plant has been limited by de
sign precautions. Overheating to such high temperatures that vo
latile nuclides are vapourized does not occur even in the event 
of a total cooling failure as described above. The probability of 
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13.3 

13.3.1 

damage due to fire is reduced by a low fire load and adequate 
fire protection. 

The possibility of mechanical damages which could lead to the re
lease of airborne activity is deemed to be non-existent. 

After approximately 30 years of storage, the waste cylinders are 
lifted up out of their storage positions and transferred in a 
transfer cask to a cell for encapsulation. The encapsulation sec
tion contains a number of work and inspection stations in a radi
ation-shielded cell. A lead shell with a titanium casing is plac
ed over the cylinder and lead is poured into the space between 
the shell and the steel casing around the glass. The canister is 
then sealed with a titanium lid which is tightly welded. The en
capsulation procedure is carried out in its entirety by means of 
remote control. The encapsulated waste is lifted into a transfer 
cask which is transferred on a wagon to the repository's elevator 
shaft. 

The elevator which carries the encapsulated waste down to the fi
nal repository is equipped with at least two independent brake 
systems and the hoist cables can carry 10 times the design load. 
If an elevator should fail, the fall will be damped by the water 
pool at the bottom of the hoist shaft. Even if the canister 
should be damaged, the glass cannot shatter into particles of 
such small size that they can become airborne. 

RADIOACTIVE SUBSTANCES IN HIGH-LEVEL WASTE GLASS 

General 

The core of a light-water reactor contains uranium fuel in the 
form of uranium dioxide enclosed in "cans" made of a zirconium 
alloy (nuclear fuel). The amount of uranium in a reactor core va
ries with the size and type of the reactor. The Swedish reactors 
have cores which contain between 70 and 126 metric tons of urani
um. A boiling water reactor (BWR) has a lower power density and a 
larger quantity of fuel at a given size than a pressurized water 
reactor (PWR). The nuclear fuel is gradually replaced in connec
tion with the annual shut-downs for fuel replacement and other 
maintenance. Each fuel element is irradiated between 3 and 5 
years before it achieves full burnup. This is 25 000 - 28 000 me
gawatt-days per ton uranium (MWd/tU) for BWRs and 31 000 - 35 000 
MWd/tU for PWRs. The typical composition of the spent fuel is 
specified in section 2.1.1. 

During the burnup of the uranium fuel, radioactive waste is 
created by nuclear fission, which produces fission products, and 
by neutron capture, which produces activation products. The most 
important activation products in the fuel are elements which are 
heavier than uranium - the transuranium elements - neptunium 
(Np), plutonium (Pu), americium (Am), curium (Cm) etc. Other ac
tivation products are formed in the cans and structural compo
nents. These latter activation products constitute medium-level 
waste and are not discussed further here. 

The high-level waste obtained from the reprocessing of the spent 
fuel contains most of all the fission products plus all of the 
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transuranium elements except for plutonium and small residual 
quantities of uranium and plutonium. Reprocessing and vitrifica
tion of the high-level waste has been described in chapter S. In 
reprocessing, certain gaseous fission products are separated, 
mainly krypton-SS and iodine-129, but all others are present in 
the high-level waste. 

Composition of high-level waste 

As was mentioned above, the vitrified high-level waste contains 
almost all of the fission products and transuranium elements ex
cept for plutonium. The residual quantities of uranium and pluto
nium left in the waste glass may vary depending on the type and 
burnup of the fuel and on the detailed nature of the reprocessing 
process. Just as in the Aka Committee report (13-1), it has been 
assumed that 0.1% of the uranium and 0.5% of the plutonium in the 
spent fuel will be present in the high-level waste. 

Recent French findings indicate that the uranium content can be 
expected to correspond to approximately 0.2% of the original ura
nium and the plutonium content to about 0.15% of the original 
plutonium. As noted in chapter IV:3, doubling the uranium content 
leads to an insignificant increase in calculated activity disper
sal, while a reduction of the plutonium content to 30% leads to a 
considerable reduction of activity dispersal. 

It should be noted that separation of plutonium from uranium and 
the precipitation and conversion of these elements entail further 
losses of uranium and plutonium. These lost quantities are pre
sent in the low- and medium-level waste and are normally slightly 
greater than the quantities in the high-level waste. According to 
guarantees from the reprocessing company, total losses will not 
exceed 3% plutonium and 2% uranium. Lower losses have been ob
tained in operating plants. 

The most important fission products in the high-level waste as 
far as final storage is concerned are those with long and very 
long half-lives. The following table gives the half-lives of the 
important nuclides. 

Nuclide 

( . . ) +) hydrogen-3 tritium 
seleniurn-79 
krypton-ss+) 
strontium-90 
zirconiurn-93 
technetiurn-99 
antimony-126 
iodine-129+) 
cesium-135 
cesium-137 

Half-life 

12.3 years 
65 000 years 
10. 8 years 
28.1 years 
1.5 million years 
210 000 years 
100 000 years 
17 million years 
3 million years 
30.0 years 

+) tritium, krypton and iodine are removed in connection with 
reprocessing. However, it has been assumed in the safety 
analysis that 1% of the iodine-129 is present in the vitri
fied waste. 
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Nuclide 

prometium-147 
s amar i um-151 
europium-154 

Halflife 

2.62 years 
87 years 
16 years 

Of the nuclides listed in the table, strontium-90 and cesium-137 
are the most important for evaluating safety during the first 500 
to 1 000 years of final storage. For very long-term safety, tech
netium-99, iodine-129 and cesiurn-135 are of safety interest. 

The residual quantities of uranium and plutonium, the other 
transuranics and the decay products of these elements comprise 
the heavy nuclides. The waste contains a hundred or so different 
heavy nuclides. A detailed list of these is provided in volume 
IV, chapter 3. The following table gives the heavy nuclides which 
are most important for evaluating the safety of the final reposi
tory. 

Nuclide 

americium-243 
ameri ci urn- 241 
plutonium-241 
plutonium-240 
plutonium-239 
plutonium-238 
neptunium-237 
uranium-238 
uranium-235 
uraniurn-234 

uranium-233 
thoriurn-230 
thorium-229 
radiurn-226 

Half-life 

7 650 years 
433 years 
14.6 years 
6 760 years 
24 000 years 
89 years 
2.13 million years 
4 510 million years 
710 million years 
247 000 years 

162 000 years 
80 000 years 
7 300 years 
1 600 years 

Parent nuclide 

plutonium-241 

americium-241 

plutonium-238, 
uraniurn-238 
neptunium-237 
uranium-234 
uranium-233 
thorium-230 

The column headed "parent nuclide" indicates that the nuclide in 
question is formed by radioactive decay of the parent nuclide. 
Thus, successive decay of plutoniurn-241 leads to the formation of 
americium-241, neptunium-237, uranium-233 and thorium-229. 

The activity of radioactive elements in curies per ton uranium as 
a function of time is illustrated in figure 13-2. The unit "curie 
per ton of uranium" is roughly the same as curie per waste cylin
der in this case. 

The fission products cesium-137 and strontium-90 heavily dominate 
during the first 100 years. Technetiurn-99 then dominates among 
the beta-emitting fission products for over a million years, af
ter which it is followed by cesiurn-135. Of the alpha-emitting 
heavy nuclides, americium-241 and -243 dominate in the beginning, 
followed by a period of plutonium-239 dominance and finally tho
rium-229 dominance. Since alpha-radiation is more dangerous than 
beta-radiation on a per-curie basis, the toxicity of the waste 
after approximately 300 years will be determined primarily by the 
latter heavy nuclides. 

The quantities give in figure 13-2 apply for PWR fuel which has 
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Figure 13-2. Radioactive elements in high-level waste. It is assumed that reprocessing takes place 
ten years after discharge of the spent fuel from the reactor. 

been reprocessed ten years after full burnup has been acheived 
and the fuel has been discharged from the reactor. This time is 
of some importance for the activity of the high-level waste. Plu
toniurn-241, which is a beta-emitter, decays with a half-life of 
14.6 years to americiurn-241. The longer the wait for reprocess
ing, the more of this nuclide will be present in the waste. If 
the waste is only stored for three years before reprocessing, the 
amount of americium-241 given in figure 13-2 will decrease to 
about 40%. If a much longer time passes before reprocessing, the 
amount of americium-241 will increase to roughly double the value 
given in the figure. The daughter nuclide neptunium-237 is not as 
greatly affected, since a significant portion of this nuclide is 
formed directly in the reactor via other nuclear reactions. 

The amount of plutonium formed in BWR fuel is somewhat lower than 
in the case of PWR fuel, and the portion of heavy nuclides is 
somewhat lower for the same amount of fission products. 

It has been assumed throughout the safety analysis that the high-



108 

13.3.3 
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level waste comes from PWR fuel which has been reprocessed ten 
years following discharge from the reactor and irradiated to 
33 000 MWd/tU. 

Decay heat in high-level waste 

Figure 13-3 shows the decay heat in spent fuel and high-level 
waste obtained from reprocessing after two and ten years, respec
tively. The decay heat is given in watts per ton uranium, which 
is equivalent to watts per waste cylinder for the high-level 
waste. The curves are plotted for a residual uranium level of 
0.5 %, but the other parameters are the same as in the preceeding 
section. 

SAFETY IN CONNECTION WITH FINAL STORAGE 

General background 

In order to achieve a safe final storage of the high-level waste, 
the radioactive substances are enclosed in a number of consecu
tive barriers: 

chemical bonding to the low-soluble borosilicate glass 
encapsulation of the glass in a number of metal casings 
storage of the encapsulated waste cylinders in good rock at 
a depth of 500 m. 

Decay heat, W/ton uranium 
104 

10 

• High-level waste 
I 

Reprocessing after 2 years 

10 100 1000 

Time after discharge from 
reactor, years 

Figure 13-3. Decay heat in spent fuel and high-level waste from pressurized water reactor. 
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Each one of these barriers provides protection against dispersal. 
But each one possesses different protective properties and there
by also different protective functions which both reinforce and 
complement one another. 

In the final reppsitory, the waste cylinders are deposited in 
boreholes on the floor of the tunnel. A buffer mass between the 
canister and the rock keeps the waste cylinder fixed in position. 
Escape and dispersal of the radioactive substances is also re
tarded by sorption effects in the buffer mass and in fissures in 
the rock in the event the radioactive substances should penetrate 
through the inner barriers. 

Requirements on isolation of the radioactive substances diminish 
as their radioactivity decays. Only a combination of flowing wa
ter and penetrated barriers can lead to a dispersal of radioac
tive substances from the final repository. 

A distinction can be made between: 

Slow processes. 
Extreme events which lead to sudden dispersal of radioactive 
substances. 

Slow dispersal of the radioactive substances is discussed in de
tail in volume IV, chapter 6, so only a brief summary will be 
provided here. The probability of extreme events which can break 
through the rock barrier and cause rapid dispersal of the radio
active substances is extremely low. The most important cases and 
consequences thereof are discussed in volume IV, chapter 7, and 
summarized here. 

Factors involved in the slow dispersal of radioactive substances 

The analysis of the slow dispersal of radioactive substances en
tails a series of calculations pertaining to various phenomena. 
In order for the results of the final calculation to reflect the 
most unfavourable situation which can be postulated, the assump
tions and data used in the various stages of the calculation must 
be chosen with a considerable margin of safety. As more reliable 
data become available, these margins can be reduced. In the ana
lysis reported here, a series of large safety margins have been 
stacked on top of each other. The calculated final result there
fore provides a picture which is probably several orders of mag
nitude less favourable than what might actually be the case. 

In order for the slow dispersal of radioactive substances to be 
possible at all, the metallic canisters around the glass bodies 
must be damaged in such a way that water comes into contact with 
the waste glass. If this happens, a slow leaching of the glass 
begins. 

Canister damage 

Two cases of canister damage have been studied in the safety ana
lysis: a) a canister is damaged at the time of deposition, and 
b) the canister is slowly corroded. 
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The metallic canisters will be fabricated under very rigorous 
quality control. The canisters will also be inspected after fab
rication for both leakage and weld flaws. 

In the industrial fabrication of metallic components under high 
standards of quality control, defect frequencies on the order of 
1 in 10 000 to 1 in 100 000 have been achieved. The canister in 
question is made in three metallic layers - stainless steel, lead 
and titanium. This should even further reduce the frequency of 
damages which completely penetrate the canister. The probability 
of initial canister damage is therefore judged to be considerably 
lower than 1 per 10 000 canisters. The total number of canisters 
will be approximately 10 000. 

One reference case which is studied is a damaged canister in the 
final repository. This single waste body is dealt with in the 
analysis as if it were unencapsulated and the entire glass sur
face were accessible for leaching. This case is therefore also 
equivalent to damage to a number of canisters with only part of 
the glass surface exposed. Cases involving more than one or two 
initially damaged canisters are deemed to be so improbable that 
they do not have to be considered. 

The encapsulation materials have been selected with the intention 
of achieving very good durability and service life under the pre
vailing conditions. The properties of the canister materials are 
dealt with in section 6.3. The question of the service life of 
the canister is also discussed in a report issued by the Swedish 
Corrosion Research Institute (Kl) and a specially appointed re
ference group. 

Some of the members of this reference group estimated the period 
of time during which the canister is completely intact to be at 
least 1 000 years, while others estimated its life to be at least 
500 years. 

It is clear from the Kl report that these estimates assume that 
local corrosion could be determining for the time during which a 
canister is completely intact. However, local penetrations of the 
canister after 1 000 (or 500) years do not necessarily mean that 
the glass body in its entirety is exposed to the groundwater and 
its leaching action. 

It was not possible to perform a systematic analysis of how long 
a time it can be expected to take before the entire glass body is 
exposed after the capsule has been breached. Considering the time 
it takes for the general corrosion of titanium and the corrosion 
rate for lead in relation to the total amount of lead in each 
canister, it would probably take tens of thousands or hundreds of 
thousands of years. However, in lieu of more precise data, it is 
necessary to make an analysis on the basis of hypothetical cases 
which can be regarded as being more unfavourable than actual 
cases in order to be on the safe side. 

As a reference case, it has been assumed that the canisters are 
broken down gradually during the period from 1 000 to 6 000 years 
following the commencement of final storage. 

Calculations show that it is relatively insignificant for the 
overall risk assessment whether the service life of the canister 



is taken to be at least 500 years or at least 1 000 years (see 
chapter IV:6.9.4). 

Glass leaching 
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If water comes into contact with the waste glass, a very slow 
leaching of the substances in the glass takes place. The leaching 
rate depends on a number of factors, the most important of which 
is the composition and temperature of the glass, the surface area 
with which the water comes into contact and the water flow rate. 
Other factors which can be of importance are chemical conditions 
and changes in the structure of the glass due to ionizing radia
tion from radioactive substances or due to variations in the fab
rication of the glass. (See also sections 5.4 and IV:6.3). 

Experimental studies in France have established a leaching rate 
of 2 x 10-7 per cm2 and day at a temperature of 25°C for typical 
waste glass produced by the French method. At a temperature of 
70°C, this leach rate increases by a factor of 10, and at l00°C 
by a factor of 35. The temperature of.the waste glass reaches a 
maximum of about 70°c and declines after 2·000 years to about 
30°C. 

The geometric surface area of a waste body is about 2 m
2

. How
ever, cracks may form during the manufacture and handling of the 
glass. As a result, the surface area which is theoretically 
accessible to water is greater than the geometric surface area. 
Normally, the surface area is increased by a factor of about 2-3, 
but in unfavourable _cases, surface enlargement may be by a factor 
of 10. As an average value for the leaching surface, 10 m2 per 
glass body has been used in the safety analysis - i.e. 5 times 
the geometric surface area. 

Using these values for leached surfaces and leaching rate, a 
leached fraction of 1. 7 x 10-5 (17 millionths) per year and glass 
body weighing approx. 420 kg is obtained. This would result in a 
complete dissolution of the glass after about 60 000 years assum
ing that the dissolved weight per year remains unchanged. In the 
calculations which have been carried out for one of the reference 
cases, a glass leaching period of 30 000 years has been used. 

During the first 150-200 years after commenced final storage, the 
temperature of the glass is considerably higher than 25°c. A 
glass leaching time of 3 000 years is therefore used for the case 
involving an initially damaged canister. 

At final storage, the canister is emplaced, packed in a buffer 
mass, in rock through which the water flow rate is very low. Geo
logical studies have shown that 0.1-0.2 litres per m2 and year is 
probable. In such an environment, the leaching rate will be li
mited by the water supply. This makes it difficult to carry out a 
precise analysis of the leakage of radioactive substances from 
the glass. Preliminary estimates indicate leaching rates which 
are only about 1% of those given above. 

Transit time for dissolved substances 

The transit time of the radioactive elements through the rock 
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from the final repository to the biosphere is dependent upon two 
factors. One factor is the time it takes for the water to flow 
from the final repository to the primary recipient. This time 
varies widely depending on local conditions and the properties of 
the rock in question. Age determinations of groundwater indicate 
flow times of several thousand years from a suitably located 
final repository. To be on the safe side, a transit time for the 
groundwater of 400 years in impervious rock has been used in the 
calculations carried out for the safety analysis. (See section 
7.4.) 

The second factor which determines the transit time for the ra
dioactive elements is the retardation effect obtained through 
chemical reactions between these elements and the buffer material 
and the rock material. Different types of chemical reactions 
occur, mainly ion-exchange processes, ion absorption, reversible 
precipitation and mineralization. These processes come under the 
general heading of sorption. 

Mineralization and precipitation are the most favourable process
es from the viewpoint of safety. They lead to very low residual 
levels in the groundwater and effective retardation of the radio
active elements. It can be assumed on good grounds that many of 
the elements in the waste participate in mineralization and pre
cipitation reactions - for example cesium (mineralization) and 
protactinium and americium (precipitation), 

However, sorption has been treated purely as an ion-exchange pro
cess in the calculations of the transit time for radioactive ele
ments. As a result, the magnitude of the retardation has been un
derestimated. The retardation is described in the calculations by 
means of a retardation factor which is defined as the ratio be
tween the flow velocity of the water and the transport velocity 
of the element in question. 

The retardation factors can be calculated on the basis of chemi
cal equilibrium constants which have been determined experimen
tally. Within the project, such determinations have been carried 
out for various elements in contact with the groundwater and the 
buffer material (10% bentonite and 90% quartz sand) or granite. 
Comparisons have been made with foreign measurements. The follow
ing table gives the retardation factors for the most important 
elements in the waste, both for impervious rock with a permeabi
lity of 10-9 m/s and for pervious rock with a permeability of 
10-5 m/s. 

Retardation factors for certain radioactive elements 

Element Impervious rock Pervious rock 

Strontium 57 7 
Zirconium 8 400 450 
Technetium 1 1 
Iodine 1 1 
Cesium 840 90 
Radium 700 76 
Thorium 5 200 280 
Uranium 43 3 
Neptunium 260 15 



Element 

Plutonium 
Americium 

Impervious rock 

1 100 
84 000 

Pervious rock 

58 
4 500 
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A retardation factor of 1 means that the element migrates at the 
same rate as water, while a retardation factor of 700 means that 
it takes 700 times as long for the element to move the same dist
ance as the water. The given retardation factors are mean values. 
Different fractions of the dissolved quantity of a given element 
will have longer or shorter retardation periods. This is taken 
into account in the calculations. 

The retardation factor for strontium in pervious rock (permeabi
lity approx. 10-5 m/s) given in the table has been confirmed by 
means of field tests conducted at Studsvik. 

The retardation of the elements radium, thorium, uranium, neptu
nium, plutonium and americium is of great importance for the 
long-range safety of the final repository. The values of the re
tardation factors for neptunium and plutonium used in the calcu
lations are probably too low by at least a factor of 10 (see 
chapter IV: 6. 5). 

Primary recipient 

Escape of the radioactive elements through the various barriers 
(canister, buffer material, rock) can eventually lead to contact 
with the biosphere. Since the elements are dispersed with the 
groundwater, such contact is achieved primarily in a receiving 
b.ody of water. 

Three main cases of primary recipients have been studied: 

deep-drilled well close to the final repository 
lake close to the final repository 
Baltic Sea 

These main cases are illustrated schematically in figure 13-4. 

The annual leached quantities of radioactive elements which reach 
the primary recipient will be diluted in a relatively large vol
ume of water. In the case of the well, this has been calculated 
to be 500 000 m3 and in the case of the lake 25 million m3• The 
calculations are based on the local conditions at Lake Finnsjon 
near Forsmark. These conditions are judged to be relatively un
favourable in the case of the well, but representative for a 
larger number of sites in the case of the lake. (See section 
7. 4. 1.) 

When the radioactive elements have reached the biosphere via the 
primary recipients, they can reach man in basically two different 
ways. The elements can be ingested into the body either through 
food and water or through inhalation. As long as they remain in 
the body, they can give rise to so-called "internal irradiation". 
Knowledge concerning the transport and enrichment of the radioac
tive substances in the food chains is therefore of great import
ance for being able to calculate the dose load on man. 
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Figure 13-4. The three main cases of transport of radioactive substances to the biosphere. 

Human beings can also be irradiated by radioactive elements out
side of the body - "external irradiation". Figure 13-5 illustrat
es some of the paths through which radioactive elements in our 
environment can reach man. In order to establish the dose load, 
the radiation doses from inhalation and from the consumption of 
water and food have been calculated. Irradiation doses from the 
handling of fishing tackle and from ground deposits and water, 
for example in connection with bathing, have also been calculat
ed. 

A matter of primary interest is to establish which individuals 
may receive the highest radiation doses. These persons can be 
identified on the basis of the occupation, diet, living condi
tions etc. If this information is combined with knowledge regard
ing where the radioactive substances from the final repository 
may reach the biosphere, the so-called "critical groups" can be 
identified. 
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Figure 13-5. Paths of human exposure in the local ecosystem. 
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From the three outflow points - wells, lakes and the Baltic Sea 
- the radioactive substances disperse into the local ecosystem. 
In the model which is used in the safety analysis, tpis is assum
ed to comprise 0.25 km2 of agricultural land plus a small lake 
such as Lake Finnsjon near Forsmark or Lake Gotemaren north of 
Oskarshamn. Irrigation in the area employs well water or lake 
water at the rate of about 200 litres per day. It is assumed that 
the same supplies are used for both irrigation and drinking 
water. 

The radioactive elements which enter the local ecosystem accumu
late in the surface layer of the ground. They are transported 
first by the groundwater and then by the surface runoff. How fast 
the elements can enter into the natural water cycle depends on 
the sorption properties of the ground. Exposure has been calcu
lated on the basis of the activity which reaches the local eco
system via irrigation and the activity level which is obtained 
through long-term accumulation in the ground. 

In the case where the outflow is into the Baltic Sea, the criti
cal groups in the coastal zone are exposed through sea water, se
diment and fish. The ecosystem is a 2 km wide and 30 km long 
coastal section where the radioactive substances from the rock 
repository enter the Baltic Sea. From the local ecosystem, they 
are further dispersed to other parts of the biosphere. How this 
happens is described in volume IV, chapter 6. 7. 

Consequences of the slow dispersal of radioactive elements 

The consequences of a slow dispersal of the radioactive elements 
have been analysed for the following case: 

the encapsulation on the waste containers is penetrated af
ter 1 000 years and all waste glass bodies are completely 
exposed to the groundwater after another 5 000 years 
the glass is leached at a rate which leads to complete 
dissolution in 30 000 years 
the transit time of the water in impervious rock from the 
final repository to the biosphere is 400 years 
as the radioactive substances pass through the rock, they 
are retarded in the manner described above. 

These presumptions entail a number of conservative assumptions 
which lead to an overestimation of the calculated radiation doses. 

The highest radiation dose in rems to a human being over a 30-
year period has been calculated as a function of the time from 
the start of final storage. The period of 30 years was chosen in 
accordance with the common practice of counting this period as 
one generation and since only relatively small radiation doses 
come into question here. 

Figure 13-6 shows a comparison between calculated maximum indi
vidual doses for the cases well, lake and Baltic Sea as primary 
inflow sources into the biosphere. As is evident from the figure, 
the well case gives approximately 15 times higher maximum doses 
than the lake case and approx. 1 500 times higher values than the 
Baltic Sea case. 
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Figure 13-6. Calculated maximum individual doses to critical group (nearby residents) for various 
primary recipients. 
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Figure 13-Z Calculated maximum individual doses to critical group (nearby residents) from 
different nuclides. The calculations were made for a well as the recipient. 
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Figure 13-8. Calculated maximum individual doses to critical group (nearby residents) for the 
two main cases of canister damage. The cases are a) slow decomposition of all canisters during 
the period from 1000 to 6000 years, and b) initial damage to one canister. The primary recipient 
is a well. 

Figure 13-7 shows the calculated maximum individual dose as a 
function of the time for different nuclides for the case where a 
well is the primary inflow recipient. 

The results show that the dominant nuclides are neptunium-237, 
uranium-233, radium-226 and technetium-99. It is noteable that no 
radiation doses appear until after more than 1 000 years, due to 
the fact that the lead-titanium canister remains fully intact for 
at least 1 000 years and that the transit time for water is 400 
years. Strontium-90 and cesium-137 decay completely during this 
time. Furthermore the nuclides of americium and plutonium are re
tarded for such a long time that they do not contribute signifi
cantly to the calculated radiation doses. 

The dominant nuclides for the lake and Baltic Sea cases are cesi
um-135 and neptunium-237. 

The dominant exposure paths in the well case are via drinking wa
ter. The dominant radiation doses in the lake and Baltic Sea 
cases are those due to fish consumption. 

A comparison between slow decomposition of the canister and an 
initially damaged canister (treated as a glass body without any 
canister at all) is illustrated for the well case by figure 13-8. 
The latter case gives certain low radiation doses which appear 
after about 200 years, but the doses are far less than for the 
former case. The radiation doses due to slow decomposition of the 



118 

canisters are approximately 6 000 times higher than those from an 
initially damaged canister. 

Since it has been shown that the case with a well as the primary 
recipient gives rise to the highest radiation doses, the other 
alternatives are of less interest in· a discussion of maximum con
sequences for individuals. As mentioned above, the data and 
assumptions used in the chain of calculations have been selected 
with safety margins which are quite considerable in some cases. 
This leads to the radiation doses given by the upper curve in 
figure 13-9. If we instead use data and assumptions which can be 
regarded as more realistic, the calculations lead to the radia
tion doses within the area under the curve "probable conditions" 
in figure 13-9. 

The dose limits applied to nuclear plants are also included in 
the same figure for purposes of comparison (see chapter 12). In 
addition, the range of variation for natural ionizing radiation 
in Sweden and for the radiation doses which can be obtained from 
natural drinking water in Sweden are also given. The latter 
values have been calculated on the basis of measured levels of 
radium-226, using the same dose conversion factors as in the 
other calculations. Only a few measured values are given for 
drinking water within the upper part of the variation range. The 
median value for all the 61 measured values corresponds to a 
radiation dose of 0.15 rem per 30 years. 

Radiation dose ICRP limit 
(rems/30 years) --------- for individuals 
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Figure 13-9. Calculated upper limit for radiation doses to people who live near the final repository 
( critical group). The calculations pertain to the slow decomposition of the canister with a well as 
the primary recipient. For purposes of comparison, the dose load from several natural radiation 
sources as well as a number of established dose limits have also been plotted in the diagram. 
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As is evident from the figure, the calculated radiation doses 
from radioactive substances which may escape from the final repo
sitory - even when large margins of safety are included in the 
calculations - are considerably below the limit reconnnended by 
the International Commission on Radiological Protection (ICRP). 
They are also well below the value used for nuclear power plants 
in Sweden, although slightly above the recommended value used as 
a design goal for new nuclear power plants. The ranges of varia
tion for natural ionizing radiation and for radiation doses from 
natural drinking water are considerably greater than the calcu
lated radiation dose from the final repository. 

In addition to the maximum radiation dose to a human being, the 
collective dose to the earth's total population has also been 
calculated. This calculation is rather complicated (see volume IV 
for a more detailed description). 

The collective dose to the earth's total population has been cal
culated both for the most unfavourable 500 year-period and for 
the first 10 000 years following the commencement of final stor
age. The results are largely independent of the path of entry 
into the biosphere. The collective dose from the final repository 
for the most unfavourable 500 year-period has been calculated to 
be about 2 000 manrems, i.e. 0.007 manrem per MWe and year of 
operation for 13 reactors with a combined output of 10 000 MWe 
which are operated for 30 years. These 500 years occur after 
several hundred thousand years. A collective dose of 30 000 
manrems is obtained for the first 10 000 years, i.e. 0.1 manrem 
per MWe and year of operation. These collective dose values are 
based on the same unfavourable conditions as were specified 
abGve. Both values are clearly within the guideline limit set by 
the radiation protection authorities of 1 manrem per MWe and year 
of operation for the entire nuclear fuel cycle. 

Consequences of extreme events 

Certain types of extreme events might have a considerable effect 
on the escape of radioactive substances from a final repository. 
Such extreme events include e.g. movements in the bedrock in 
connection with earthquakes or the creation of new cracks due to 
other causes. Other events within this category include meteor 
impacts, acts of war, sabotage or some form of future human dis
turbance. 

Rock movements, earthquakes 

Rock movements could damage a final repository, either by creat
ing new paths for groundwater flow or by damaging the canisters. 
However, limited damage to the canisters will not substantially 
change the assumptions of the safety analysis, since a case with 
initial canister damage has already been considered. 

A number of studies have been conducted for the purpose of es
tablishing the probability of bedrock movements which might af
fect the safety of a final repository. 

The level of seismic activity in Sweden is very low, and very few 
earthquakes have caused damage to the ground surface. 
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The faults which have been observed in the Swedish bedrock are 
largely the result of the tectonic and seismic events of approxi
mately 1 800 million years, where the movement from millenium to 
millenium is on the order of a few mm. However, larger fault 
movements have been observed and reported in areas with special 
zones of movement, for example in northwest Skane and in Norr
botten County. The land elevation which followed the melting of 
the inland ice and is still proceeding is probably the primary 
cause of these recent bedrock movements. 

Bedrock movements are discussed in greater detail in chapter 
II:7. 

Studies of the occurrence of earthquakes in Sweden show that 
earthquakes have been concentrated to certain belts. Outside of 
these belts, there are large areas where no seismic activity at 
all has been observed. Magnitudes greater than 3.5 are rare, even 
within the most active areas. 

The following relationship between magnitude and displacement has 
been estimated: 

Magnitude Displacement 

3.5 0.3 cm 
4.0 0.6 cm 
4.5 1.5 cm 
5.0 3.6 cm 

The Swedish bedrock exhibits a pattern of fracture zones of vary
ing size. Geological observations show that new fissures and 
faults will be located in already existent joint planes. In 
simple terms, this corresponds to the principle that it is the 
weakest link in a chain which breaks. 

The probability that a final repository covering 1 km
2 

will be 
affected by a fault movement has been estimated to be less than 
10-9 per year for Sweden as a whole. 

It has also been shown that vertical rock displacements must be 
several dm in order to jeopardize the sealing capacity of th~ 
clay material. However, stresses in the canister material can 
reach considerable proportions in the event of displacements of 
only a few cm. 

In summary, studies carried out by KBS of bedrock movements which 
could have an adverse effect on the safety of the final reposito
ry have shown that: 

the probability of such movements in the Swedish bedrock is 
very low 
within areas which are surrounded but not intersected by 
fracture zones, the probability of new flow paths (cracks in 
the rock) opening is extremely low 
sections of rock which are found to have a high fracture 
content during the construction of the final repository 
should not be utilized for storage 
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neither the proposed buffer layer nor the canister will be 
damaged, even if bedrock movements of considerable propor
tions by Swedish standard should occur in the final reposi
tory. 

The risk of damage to part of the final repository as a result of 
bedrock movements is thus extremely low. If such damage should 
nevertheless occur, it will probably affect only a few percent of 
the canisters. The consequences of such damage are deemed to be 
of the same magnitude as those which have been calculated for 
slow canister decomposition. 

Meteorite impact 

If a meteorite should hit the surface of the earth directly above 
a final repository, a crater would be created which could weaken 
the geological barrier or, at worst, eliminate it completely. 

Studies of meteorite impacts which have occurred over a period of 
2 000 million years show that the probability of meteorite impact 
which would create a crater approximately 100 m deep is roughly 
10-13 per year and km2. Historical experience also confirms the 
assumption that a meteorite impact is not a risk which has to be 
considered in this context. 

Acts of war and sabotage 

In the long time perspective which must be applied to the final 
repqsitory, acts of war cannot be considered to be "extreme 
events". On the other hand, the possibility that acts of war 
might lead to serious consequences for the safety of a terminally 
sealed final repository at a depth of some 500 metres in the 
Swedish bedrock must be considered to be remote. 

Ground detonations of nuclear devices of 10-50 megatons create 
craters in the rock with a depth of roughly 110-180 m. Thus, the 
geological barrier would not be broken through, but may well be 
weakened. In such a situation, however, this would be of subor
dinate importance, since any release of radioactivity from the 
final repository would represent only a fraction of the radioac
tivity caused by the bomb, which would remain in the area for a 
long period of time. 

Wartime damages to the final repository and the encapsulation 
station during the deposition stage are, naturally, conceiveable. 
But the probability is low, since these facilities are not likely 
to be primary targets for military actions. The consequences of 
bomb hits and similar occurrences will also be limited compared 
to the situations which would otherwise be a result of such acts 
of war. 

Safeguards against sabotage as described in section 10.4 will be 
provided during the intermediate storage, encapsulation and final 
deposition stages. After the final repository has been closed and 
sealed, effective acts of sabotage are impossible. 

Compared to other installations which experience has shown to be 
more likely targets for sabotage in terrorist actions, the faci-
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13.4.5 

lities described here are less attractive to potential saboteurs 
and are roughly comparable to other industrial plants where en
vironmentally hazardous material is handled. 

Future disturbance by man 

It is conceibable that the knowledge of where the final reposito
ry is located may be lost in the distant future and that man at 
that time may, for some reason, perform drilling or rock work 
which results in contact with the waste. The final repository is 
situated in one of our most common types of rock which does not 
contain any valuable minerals which could conceivably be consi
dered for profitable extraction. The depth and low water content 
of the impervious rock selected for this purpose makes it highly 
improbable that deep wells will be drilled for water in the 
future. No reason can be seen for seeking out such great depths 
for the construction of rock storage vaults or the like. Further
more, the loss of the knowledge of the location of the final re
pository would presuppose that our current civilization would be 
destroyed as a result of some catastrophic event such as a global 
war of extermination or a new ice age. If the country is then re
populated again, the risks mentioned here would arise, but only 
after the new population had achieved a level of technological 
development which permitted advanced rock work. In such a case, 
it is probable that such a civilization would also possess the 
ability to detect the radioactivity in the final repository and 
act accordingly to avoid damage to the repository. A new glacia
tion of the country would not be expected to affect the integrity 
of the final repository. (See section II:7. 7.) 

Summary safety evaluation of final storage 

The high-level waste from the reprocessing of spent nuclear fuel 
is vitrified and encapsulated in lead-titanium canisters after 
which it is emplaced in good rock at a depth of 500 m, where it 
is packed in a bed of buffer material (90% quartz sand and 10% 
bentonite). The safety analysis of such a final storage shows the 
following: 

1 During the period of at least 1 000 years when the leadtita
nium canister is completely intact, the elements strontium-
90 and cesium-137 decay almost completely. 

2 Initial damage to an individual canister would not lead to 
any measurable increase of the radiation level. 

3 A slow breakdown of the canister could, after several thou
sand years, lead to a slight increase of the level of radio
activity in the environment. The elements plutonium and ame
ricium are retained in cracks in the rock etc. This slight 
increase comes primarily from neptunium-237, technetium-99, 
radium-226 and uranium-233 as well as cesium-135 and iodine-
129. 

4 In the most unfavourable case - a deep-drilled drinking wa
ter well near the final repository - the radiation dose to a 
human being in the future could increase by a maximum of 13 
millirems per year. This increase is less than the local 
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variations which occur in the natural radiation at various 
places in Sweden. (See figure 13-10.) 

5 The calculated maximum radiation doses are considerably low
er than the maximum permissible radiation dose for indivi
duals recommended by the ICRP. 

6 The calculated maximum radiation doses are well below the 
Swedish limit for nuclear power plants, but of roughly the 
same magnitude as the guideline value which is applied as a 
design goal in the construction of new nuclear power plants. 
(See figure 13-10.) 

7 The probable amount of additional radiation is less than 1% 
of the maximum value specified in point 4. This is due to 
the fact that the decomposition of canisters and leaching of 
glass at the low water flows which occur at a depth of 500 m 
in solid rock can be expected to take place at a considerab
ly slower rate than what has been assumed in the calcula
tions. Furthermore, these calculations were based on a re
tardation factor for neptunium and a water transit time 
which have both been conservatively selected. 

8 The regional and global dose load on large population groups 
has been calculated over the most unfavourable SOO-year pe
riod in the future. In the very long run, a maximum SOO-year 
dose of approximately 2 000 manrems can be obtained, which 
corresponds to 0.007 manrem per MWe and year of operation. 

9 Even in the most unfavourable case, with extremely conserva
tive data in the calculations, the health hazards are ex
tremely small, if any. 

The calculated collective doses correspond to 0.4 cases of 
cancer and 0.4 cases of genetic defects for the population 
of the entire earth over a period of 500 years. The present 
frequency of mortalities due to cancer in Sweden is approxi
mately 20 000 per year. Of all persons born, approximately 
3% are afflicated with natural hereditary defects, which 
means that some 3 000 cases occur annually in Sweden. The 
given values for medical effects have been calculated on the 
basis of the internationally accepted relationships between 
radiation dose and maximum medical effects. Many factors 
indicate that these assumptions overestimate the medical 
effects at the low dose values and dose rates which are in 
question here. 

10 The calculated increase of the level of radioactive elements 
in the recipients to which the waste products may conceivab
ly spread is comparable to the natural levels of such sub
stances. Neptunium-237 can be compared to uranium and cesium 
to potassium. The following table shows the ranges of varia
tion for the level of certain elements in natural water and 
levels which have been calculated for the various primary 
recipients in the most unfavourable case. 
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Individual dose 
per year in millirems 

ICRP limit 
for individuals 

Radium in drinking water 
from single rock well 

Natural radiation 
in Sweden 

Limit for nuclear 
power plants 

I Radium in drinking water 

I 
Design goal for 
nuclear power plants 

Maximum for well 
near final repository 

Figure 13-10. Bar graph showing the calculated maximum annual radiation doses which the final 
repository can give to a nearby resident and the annual dose to man from some natural radiation 
sources plus some established dose limits. The dose from drinking water comes from radium-226. 
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Radioactive 
element 

Levels in natural 
water in Sweden 
(pCi/1) 

Maximum calculated 
increase of level in 
primary recipients 
near the final 
reposi torya) 

Drinking Sea b) Well Lake 
water water 

Radium-226 0.1-40 0.3 0.1 0.002 
Uranium O.l-1500c) 3 30 0.6 
Neptunium-237 90 2 
Potassium-4od) ea 20 330 
Cesium-135d) 25 0.5 

a) Expected maximum values are approximately 100 times 
less. 

b) With 3.5% salt content. 
c) Natural water (not necessarily drinking water). 
d) Potassium-40 and cesium-135 are biologically compar

able. 

The radiation dose from radium-226 in drinking water is 
shown in the comparison illustrated in figure 13-10. 

11 Even in the case where a number of unfavourable assumptions 
have been made, the calculated changes in the radiation en
vironment are considerably less than normally occurring na
tural variations. These natural variations do not have any 
effects on either man or ecological systems which can be de
monstrated today. The calculated maximum radiation doses due 
to leakage from a final repository are below the limit val
ues for nuclear power plants which have been issued by the 
radiation protection authorities in Sweden. The proposed 
method for the final storage of high-level waste glass is 
therefore deemed to be absolutely safe. 
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14 SKELETON PLAN FOR CONTINUED WORK 

The studies conducted under the auspices of the KBS Project have 
largely been concerned with the review and processing of existing 
knowledge and data, but the work in a number of areas has been of 
a development nature. The need for further research and study is 
urgent in a number of areas in order to gather sufficient infor
mation to serve as a basis for a technically/economically optimum 
design of the various phases in the handling and storage chain. 

Thus, the work which has been done by KBS should be followed up, 
both by development work and by efforts aimed at gradually in
creasing the degree of specification for the facilities whose 
construction is most imminent. It is of the utmost importance 
that activities and developments in other countries be continuos
ly followed and that opportunities for co-operation be fully ex
ploited. 

The various plants for the handling and storage of high-level 
waste have to be completed at very disparate points in time, as 
shown in chapter I:3. The transportation system and the central 
fuel storage facility must be commissioned within a few years and 
an intermediate store by 1990, while the encapsulation station 
and final repository will not be required until around 2020. 

The skeleton plan shown in figure 14-1 provides an approximate 
schedule for the completion of the various installations in vari
ous phases. The major feature of the activities pursued during 
the different phases are described below. 

Phase 1 (1977-1978) 

This phase encompasses a KBS activity period which is expected to 
continue to mid-1978. Efficient completion of the activities be
gun by KBS requires that the question of responsibility and or
ganization must be decided before the end of this phase. 

Phase 2 (1978-1984) 

During this phase, the transportation system and the central fuel 
storage facility will be completed and connnissioned. 

Study and development work during this phase will be pursued in 
accordance with a multi-year plan aimed at a presentation of the 
total results at the end of the phase. The plan will encompass 
hydrogeological studies, refinement of models for the migration 
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Figure 14-1. Skeleton plan for continued work on the final stages of the nuclear fuel cycle. 

of nuclides in the groundwater, continued studies of buffer and 
encapsulation materials and design of the final repository. 

2030 

During this stage, a major non-radioactive experiment should also 
be conducted whereby the function of various barriers can be 
studied on a relatively large scale under conditions which stimu
late the actual environment in the final repository. The heating 
tests which are being conducted at Stripa in co-operation between 
the USA and KBS/SKBF will be completed during this phase and the 
results can be used in future tests. 

A considerable international exchange of knowledge and experience 
will be pursued during this phase. 

Phase 3 (1985-1999) 

During this phase, the intermediate store for vitrified waste is 
expected to be completed and put into operation. The schedule for 
these activities will be contingent upon when the waste is re
turned to Sweden. According to an agreement between SKBF and 
COGEMA, this will be 1990 at the earliest. The question of the 
joint siting of the encapsulation station together with the in
termediate store or the final repository (see chapter 1:11) must 
be clarified before design work on the intermediate storage faci
lity can commence. 

Efforts with respect to encapsulation methodology and the design 
of the final repository will primarily entail a follow-up of the 
technical developments and some complementary internal efforts. 
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Phase 4 (2000-2010) 

If a final repository is to be reday to accept high-level waste 
by 2020, the final choice of the site should be made at the be
ginning of this phase. 

Full certainty as to whether the studies conducted from the sur
face have provided a correct picture of the actual conditions be
low the surface will not be obtained until certain shafts and 
tunnels have been built. A final verification that the rock in 
the selected area possesses the required characteristics should 
therefore be carried out in tunnels constructed at an early 
stage. If it is thereby found that the area is unsuitable, an
other area must be selected. Even though such a development is 
highly unlikely after the extensive preliminary studies which 
have been carried out, the schedule should take into account such 
a contingency. 

During the 10-year period from the time when the first shaft has 
been sunk and the work on the main parts of the repository has 
been begun, there is sufficient time to build and study a pilot 
plant at the right depth and in the right environment. But it is 
doubtful whether such a pilot plant is economically justifiable. 

Phase 5 (2011-2020) 

Final engineering and design work will be completed during this 
phase, along with construction of the encapsulation station and 
parts of the final repository. 

Phase 6 (2021-?) 

During this phase, the encapsulation station is in operation and 
the final repository is gradually filled with waste canisters. 
Construction of the final repository is completed simultaneously 
during the first part of the phase. 

After the repository is filled with canisters, tunnels and shafts 
are sealed, surface installations are dismantled and the land
scape is restored. The authorities can be expected to prescribe 
certain measurements and other control measures after the closure 
and sealing of the final repository. 
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STATUS REPORT ON DIRECT DISPOSAL OF SPENT 
FUEL 

INTRODUCTION 

Parallel with the present study of the handling and storage of 
vitrified waste from reprocessing, the alternative method of di
rect disposal of spent fuel has been studied. Following is a re
port on the status of these studies, which will be presented in 
greater detail later on in a separate report. 

FUNDAMENTAL PRINCIPLES 

In the case of direct disposal the spent fuel is placed directly 
in final storage without prior reprocessing. 

As is the case of the reprocessing waste, and for the same rea
sons, deposition in the final repository will be preceded by a 
period of intermediate storage followed by encapsulation. 

The intermediate storage facility will have water-filled pools in 
which the fuel elements will be stored dry in containers of 
stainless steel. This storage method is similar to the one used 
in the central fuel storage facility, except that the fuel does 
not come into contact with the water. The surrounding water pro
vides the necessary cooling and radiation shielding. In this way, 
the intermediate storage facility will provide a natural continu
ation of the function of the central fuel storage facility. It 
has therefore been assumed that the intermediate storage facility 
will be located adjacent to the central fuel storage facility. 

While the spent fuel is being kept in intermediate storage, it 
may be decided that reprocessing would be desirable in order to 
recover the remaining energy content of the fuel instead of depo
siting it directly in a final repository. The stainless steel 
container is therefore designed in such a manner as to permit 
removal of the fuel elements from the container. 

As in the case of vitrification, a storage period of at least 30 
years in the intermediate storage facility is foreseen. The fuel 
can then be deposited in a final repository of a design similar 
to the one proposed for vitrified reprocessing waste. Before de
position, the fuel will be encapsulated in a canister in an en
capsulation station situated adjacent to the final repository. 

The intermediate storage facility is designed for a capacity 
corresponding to 6 000 metric tons of uranium and the final repo-
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3.1 

3.2 

sitory for 9 000 tons - the same capacity as for the reprocessing 
alternative. Since we do not know at this stage to what extent 
the two alternatives will be used, this report is based on the 
theoretical choice of "either or". In actuality, both alter
natives may very well be employed, whereby the facilities will 
have to be adapted accordingly. 

CHOICE OF ENCAPSULATION MATERIAL 

GENERAL 

As with the vitrified waste, the purpose of encapsulation is to 
provide the fuel with a corrosion-resistant casing to protect it 
from the groundwater in the final repository. Metallic encapsu
lation materials shall also provide radiation shielding to reduce 
radiolysis of the groundwater to a negligible level. 

Since the toxicity of the spent fuel declines more slowly than 
that of the reprocessing waste, an inventory of possible encapsu
lation materials has been carried out aimed at finding materials 
with longer service lives than the combination of lead-titanium 
chosen for the vitrified reprocessing waste. Availability, econo
my and ease of fabrication have been taken into consideration. 

On the basis of the results of this inventory, copper and two ce
ramic materials - alpha-aluminium oxide and a glassceramic mate
rial of the beta-spodume type - have been selected for closer 
study. 

Alpha-aluminium oxide (corundum) is one of the most durable cera
mic materials known. It was proposed by ASEA, who have developed 
a potentially suitable fabrication method based on high-pressure 
isostatic compaction. 

Work is being done on the glass-ceramic alternative in collabora
tion with Corning Glass Works in the United States. But this work 
has not yet reached the point where any definite conclusions can 
be reported. 

COPPER 

Copper does not react at all with oxygen-free, pure water, which 
is verified by thermodynamic calculations. However, copper can 
react with oxidizing substances present in the groundwater, which 
may be present in concentrations of a few tenths of a milligram 
per litre. These oxidants are mainly oxygen, radiolysis products 
and sulphate and/or sulphide in combination with bacteria. 

Groundwater experts are agreed that very little dissolved oxygen 
is present in the groundwater at the depths in question here. 
There is also little formation of oxidizing substances as a re
sult of water radiolysis, due to the fact that the canister has 
thick walls. 

The question of whether sulphate and/or sulphide can, in combina
tion with bacterial action, cause corrosion to copper is under 
investigation. 



The maximum attack on copper is limited to that caused by the 
oxidizing substances in the water which come into contact with 
the surface of the copper canister, whereby diffusion effects 
must be taken into consideration. By limiting the quantity of 
these oxidizing substances, it is possible to limit material 
losses due to copper corrosion. 
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Section 4.3 below describes a method of surrounding the canister 
with the same mixture of quartz sand and bentonite which is used 
for the reprocessing alternative. The canister is deposited ho
rizontally in the storage tunnel, whereby it is enveloped in a 
thick bed of this material, which possesses very low permeabili
ty. If the corrosion attack on the canister is evenly distributed 
and if only small quantities of water can come into contact with 
the canister, it can be shown that corrosion is negligible, even 
over a period of millions of years. 

Corrosion attacks on metals can, however, be of a local nature 
and may take the form of, for example, pitting. In pitting, ero
sion of the copper metal can be concentrated to a small part of 
the copper surface, whereby the time required for penetration is 
reduced proportionately. On the basis of earlier corrosion tests 
conducted on copper in various surface soils, the time required 
for the penetration of 20 cm of copper has been estimated to be 
at least 5 000 years. Continued study of pitting in the environ
ment surrounding the canister will probably reveal a considerably 
longer canister life. 

Detailed studies have shown that cracks are unlikely to occur in 
the buffer material surrounding the canister. If such cracks 
should nevertheless occur, there may be a local inflow of oxidiz
ing substances to the surface where a crack is in contact with 
the canister, resulting in local corrosion. 

Investigations of buffer materials other than quartz sand and 
bentonite are underway. The characteristics of compacted bento
nite, asphalt and a mixture of MgO and Si0

2 
are being studied. 

A design proposal for a copper canister is shown in figure Bl-1. 
The canister is fabricated from pure copper by the forging of a 
cast block which is then turned down on a lathe to the desired 
final external dimensions. After boring of the internal cavity, 
the opening end is turned to receive a lid. The lid is in three 
parts which are fastened by means of electron beam welding 
followed by helium leak-tracing on each part. 

3.3 ALUMINIUM OXIDE 

In aluminium oxide, aluminium is in its stable oxidation state, 
which means that no redox reactions will take place in an aqueous 
environment. The concentration of oxygen in the groundwater is 
therefore of no significance in this case, unlike in the case of 
copper. 

But the oxide is not thermodynamically stable in water. A hydra
tion takes place on the surface. At temperatures lower than 
100°c, aluminium hydroxide is thereby obtained in amorphus or 
crystalline form. Crystalline aluminium hydroxide occurs in 
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Lid 

Electron beam weld 

7 Containers with BWR elements 

Figure Bl-1. Copper canister for direct disposal of spent nuclear fuel. The canister has 7 containers 
with fuel elements from a boiling water reactor. The weight of the canister without fuel is about 
20 metric tons. 

nature as the mineral gibbsite and is more stable and less 
soluble than the amorphous form. 

In freely flowing water at 90°c and PH 7, a corrosion rate of 0.2 
µm/year has been measured. On the basis of other results, the 
corrosion rate at PH 9 is estimated to be 2 µm/year. Assuming a 
constant rate of corrosion, the latter value would correspond to 
a material loss of 20 mm in 10 000 years. In the case in ques
tion, much less corrosion is expected, due to a lower tempera
ture, the presence of ions in the groundwater (which can produce 
a less soluble surface layer) and the slow rate of water flow. 
Under these conditions, corrosion can be expected to be prac
tically negligible. 

Local corrosion in the form of pitting and crevice corrosion does 
not occur on ceramic materials. Intercrystalline corrosion can 
also be disregarded in the case of aluminium oxide, providing the 
material is of sufficient purity. A factor which must be taken 
into consideration, however, is a form of stress corrosion crack
ing which can lead to delayed fracture. This form of stress 
corrosion cracking occurs in oxide-based ceramics in aqueous en
vironments. Tensile stresses in the material lead to intensified 
corrosion at the apex of cracks, which gradually grow and can 
lead to fracture. 

In order for delayed fracture to occur, the material must contain 
a defect of sufficient stress-raising character as regards depth, 
extent and form. In a single-phase material such as aluminium 
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oxide with small grain size, it is improbable that intercrys
talline corrosion will lead to defects of such a critical magni
tude. 

In order to simplify canister fabrication, the canister should be 
shorter than what would be required if it were to accorrnnodate 
full-length fuel rods. A method for rolling fuel rods encased in 
a tight metal casing into spiral form has therefore been develop
ed. The rolls are placed on top of each other in the canister, 
whose length is determined by the number of rolls which it is to 
contain. 

A design proposal for a ceramic canister is shown in figure Bl-2. 
The capsule is fabricated at a pressure of 1 000 - 1 500 bar and 
a temperature of 1 350°C. The ceramic thermal barrier inside the 
canister is intended to keep the temperature of the fuel down 
when the semispherical lid is joined to the canister. 

SUMMARY 

In view of the fact that further investigation and development 
work remains to be done on ceramic canisters with respect to 
corrosion properties, risk of delayed fracture and fabrication 
technique, attention is being concentrated primarily on direct 
disposal of the spent fuel in copper canisters. The work with ce
ramic canisters will continue. The choice of encapsulation mate
rial and deposition technique may also be influenced by the fact 

LONGITUDINAL SECTION 

Joint 

A I 2 03 canister 

{ 
3000 

CROSS SECTION 

Fuel rod roll 

Evacuated container for 
fuel rod rolls 

Figure Bl-2. Ceramic canister of aluminium oxide. The fuel rods are rolled into spirals prior to 
placing in the canister. 
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that the buffer mixture around the canister may be replaced by 
some other material. 

The Swedish Corrosion Research Institute and its reference group 
of specialists in the field of corrosion and materials has, under 
contract from KBS, studied the corrosion resistance of the 
proposed encapsulation materials. In a status report dated 27 
September 1977 (and reproduced in KBS technical report No. 31), 
the following assessment of the service life of a copper canister 
and of an aluminium oxide canister is presented: 

"Copper is a relatively noble metal and is therefore thermo
dynamically stable in oxygen-free, pure water. The ground
water which comes into contact with the canister will pro
bably contain oxidants which may cause some local corrosion. 
But a service life of at least 5 000 years is considered a 
realistic estimate, on the basis of our present state of 
knowledge. 

Some uncertainty exists, however, with regard to whether 
sulphate in the groundwater could, in combination with bac
terial action, cause an attack on the copper. Such an attack 
would require access to organically bound carbon. In order 
to reduce the risk of such attacks, a low concentration of 
organic substances in the groundwater and in the buffer ma
terial is desirable. 

Local corrosion due to the action of sulphate should be 
studied more thoroughly. 

Aluminium oxide is not a thermodynamically stable material 
under the conditions in question. A hydration of the surface 
layer and some dissolution takes place upon contact with the 
groundwater. But on the basis of currently available know
ledge, both the dissolution and the growth of the hydrated 
zone appear to proceed very slowly. 

The risk of delayed fracture in this material cannot be ex
cluded in theory, but it should be possible to fabricate and 
emplace the canister in such a manner that the risk of de
layed fracture with the proposed design is negligible. Pro
vided that it is possible to fabricate a canister of this 
material of sufficient purity and quality (as regards e.g. 
cracks and internal stresses), this alternative would appear 
to provide the necessary prerequisites for achieving a very 
long service life. Before a final evaluation can be made, 
however, more detailed investigations of corrosion in the 
environment in question would be desirable - especially with 
regard to hydration and delayed fracture." 

The specialists in the Corrosion Research Institute's reference 
group are in unanimous agreement with these conclusions. Supple
mentary statements by some members of the reference group were 
appended to the Institute's status report. 

In one of the supplementary statements, it is stated that the es
timates given in the status report are conservative and represent 
a lower limit for the durability of the encapsulation material. 
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It is furthermore submitted that on the basis of existing know
ledge, it is highly probable that further study will reveal a 
considerably longer life for the encapsulation material. KBS 
shares this opinion. 

DESIGN OF FACILITIES 

INTERMEDIATE STORAGE 

It is assumed that the intermediate storage facility will be lo
cated underground adjacent to the central fuel storage facility 
(see I:4). 

In the central fuel storage facility, the fuel is stored in di
rect contact with the water in the spent fuel pools, which pro
vides good cooling. After about 10 years of storage, the heat ge
neration in the fuel has decreased to such a level that dry 
storage is possible without the fuel becoming excessively hot. 

When the fuel is to be transported to the intermediate storage 
facility, it is conveyed underwater in a channel from the central 
fuel storage facility up to a position underneath a cell (see 
figure Bl-3). The cell is enclosed in concrete of sufficient 
thickness to provide adequate radiation shielding. The fuel ele
ments are handled in the cell via remote control. They are lifted 
up out of the water into the cell and allowed to dry. They are 
then placed in a stainless steel container with 2 nnn thick walls, 

Reception 
Storage of 
3 000 tons 

Cooling and cleaning systems 
Ventilation 

Encapsulation 
in containers 

Storage of 6 000 tons 

Figure Bl-3. Intermediate storage facility for spent fuel. 
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one element in each container. The container is fitted with a 
lid, which is welded tightly. Following quality control, the con
tainer with the fuel elements is lowered into the water in the 
channel underneath the cell and placed in a cassette with room 
for a number of containers. 

The cassette with the fuel containers is carried on a wagon which 
runs on tracks in a channel to the rock cavern in which the con
tainers are to be stored. The rock cavern contains storage pools 
similar to those found in the central fuel storage facility. The 
cassette is placed in position in a pool by means of an overhead 
crane. The intermediate storage facility has two rock caverns, 
each with a storage capacity corresponding to 3 000 metric tons 
of uranium. The total capacity of the facility is thus 6 000 met
ric tons. 

The central fuel storage facility will have a capacity of 3 000 
metric tons. If the total quantity of fuel to be stored is 9 000 
tons, these two pools may also be used for storing fuel contain
ers, rendering further expansion of the intermediate storage fa
cility unnecessary. 

The fuel is stored dry in hermetically sealed containers. The 
water in the pools surrounding the containers provides adequate 
cooling and radiation shielding. 

The advantage of dry storage is that the fuel is not exposed to 
the corrosive action of the water. The water in the pools is not 
contaminated by damaged fuel,so the demands on the filtering sys
tems can be reduced. 

After at least 30 years of storage, the fuel containers are 
checked for leakage and transferred to the encapsulation station 
at the final repository. The same transport casks which are used 
to transport fuel from the power station to the central fuel 
storage facility are used to transport the containers to the 
final repository. 

If the fuel is to be sent away for reprocessing, the containers 
could be opened and the fuel elements removed in the same cell 
which was used to encase the fuel in the containers. 

ENCAPSULATION STATION 

In the encapsulation station, which is located above ground ad
jacent to the final repository, the fuel containers are encased 
in a copper canister before being deposited in the final reposi
tory. 

The reason why a surface location has been chosen in this case is 
that the facility requires a relatively large building volume. 
Locating the facility underground would involve restrictions on, 
among other things, maximum spans, making it more difficult to 
optimize the design of the plant. The quantity of fuel which can 
be handled in the station at any one time is relatively small. 
Furthermore, the fuel is continuously enclosed, either in the 
container in which it was placed in the intermediate storage fa
cility or, at a later stage, by the copper canister as well. 
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The design of the facility is shown in figure Bl-4. 

The transport cask arrives from the central fuel storage facility 
at the station's receiving section, where it is lifted from its 
trailer, cooled and washed. It is then lowered in two stages into 
a pool and placed on a wagon which takes it to an unloading posi
tion. Here, the fuel containers are lifted out of the water into 
a cell, where they are dried, inspected and placed in a copper 
canister. The canister shown in fig. Bl-1 can hold 7 BWR ele
ments. A canister which is 100 nun larger in diameter is used for 
PWR elements. It holds 4 PWR elements. 

The filled canister is transferred via a lock, where it can be 
washed down with water, to an encapsulation cell. In this cell, 
the canister is fitted with a lid which is fastened by means of 
electron beam welding. The lid is in three parts, due to the pe
netration limit of existing equipment for this type of welding. 
It will probably be possible in the future to weld thicker mate
rial, in which case the lid can be made in two parts. 

The weld is inspected ultrasonically and by means of helium leak
age tracing. The canister is then ready to be transferred to the 
final repository. 

4.3 FINAL REPOSITORY 

As in the case of the reprocessing alternative, the final reposi
tory consists basically of a system of parallel storage tunnels 
situated approximately 500 metres below the surface, with appur
tenant transport and service tunnels and shafts (see fig. Bl-5). 
The storage tunnels, however, are of greater height - 4.9 m -and 
the repository occupies a slightly larger area - 1.2 km2. 

The repository has been designed for horizontal deposition, i.e. 
the canisters are emplaced horizontally in the longitudinal di
rection of the tunnel (see figs. Bl-6 and Bl-7). Because the ca
nister is so long (4. 9 m), deposition in vertical holes - as in 
the vitrification alternative - is less convenient and requires 
considerably greater tunnel height. Horizontal deposition also 
permits a much thicker layer of buffer material (sand/bentonite) 
around the canister than is possible with a vertical, drilled 
hole. As was noted in section III:6.3, a compacted sand/bentonite 
fill possesses such low permeability and other properties that 
only very small quantities of water can come into contact with 
the canister. 

The quartz sand and bentonite filler is deposited as follows: 
first, a bed of material is laid down and compacted in the same 
manner as the core of an earth dam for a hydroelectric power sta
tion. The copper canister, which is transported from the encapsu
lation station down to the level of the final repository via an 
elevator and then on to the deposition site via a specially de
signed vehicle, is then deposited in a channel in the bed (see 
fig. Bl-7). The channel is formed by compacting the upper part of 
the bed around a dunnny canister with the same dimensions as a 
real canister. When all canisters have been emplaced in this man-
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Figure Bl-4. Encapsulation station for direct disposal of spent fuel. 

Central shaft 
2 Skip shaft 
3 Ventilation shaft 
4 Hoist shaft for waste canisters 
5 Receiving and encapsulation station 
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7 Central access tunnel 
8 Outer access tunnel 
9 Access and storage tunnels 

Figure Bl-5. Final repository for direct disposal of spent fuel. 
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Copper canister-

Figure Bl-6. Storage tunnel for direct disposal of spent fuel. The copper canister is placed 
horizontally. Buffer material is placed in layers to a height of 1.4 m in the tunnel and compacted. 
The top part of the tunnel is filled by spraying of buffer material. ( Cf figure BJ- 7). 

ner in a storage tunnel, the tunnel is filled completely with 
sand/bentonite, which is applied by spraying. The ends of the 
storage tunnel are sealed with concrete walls. 

All work associated with the deposition of canisters and the 
spraying of buffer material is performed with equipment in which 
the personnel are protected against radiation. A temporary radia
tion shield can be positioned above the canisters when they are 
emplaced in order to permit persons to enter the tunnel without 
radiation protection. This temporary protection is then removed 
when the canisters are to be covered with buffer material. 

When the entire repository has been filled with canisters, tran
sport tunnels, shafts and other cavities in the rock are sealed 
in the same way as was described for the vitrification alterna
tive in section III:6. 7. 

TRANSPORTATION SYSTEM 

The same transportation system as is used for transporting spent 
fuel from the nuclear power plants to the central storage facili
ty can be used for transporting the fuel from the intermediate 
storage facility to the encapsulation station at the final repo
sitory. The required number of transport casks and sea transports 
is also the same. 
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Figure Bl-7. Filling of storage tunnels for spent fuel canisters with buffer material. 
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6 SAFETY ANALYSIS 

6.1 GENERAL 

The main differences between the direct disposal of spent fuel 
and the final storage of vitrified high-level waste which may be 
pertinent to safety considerations are: 

The amounts of uranium and plutonium which are deposited as 
waste in direct disposal are 200 times greater than in the 
case of high-level vitrified waste. The waste also contains 
a number of other radioactive products which would otherwise 
be separated in reprocessing. 
The first barrier consists of the relatively insoluble fuel 
and its cladding instead of the borosilicate glass. 
The canister is made of copper or a ceramic material. 
The canister is deposited horizontally in the storage tunnel 
and embedded in a buffer material of considerably greater 
thickness than in the case of vitrified reprocessed waste. 

6.2 RADIONUCLIDE INVENTORIES 

In the direct disposal of spent fuel, uranium and plutonium are 
deposited as waste. One secondary effect is that radium is formed 
as a daughter product of uranium. Krypton-85 and the tritium and 
carbon-14 which is left in the fuel are also deposited. 

The radionuclide inventories for the two alternatives are report
ed in chapter IV:3. 

6.3 THE FUEL AS A BARRIER 

The uranium dioxide fuel possesses very low solubility in water. 
90-99.9% of the fision products are present in the uranium diox
ide itself and are therefore inaccessible for leakage in the 
event of canister failure. Practical experience is available from 
many years of storing damaged fuel canisters in pools of water. 
This experience shows that such storage entails little release of 
radioactivity. 

Special experimental studies are being conducted at Batelle 
Northwest Laboratories in Richland in the USA aimed at deter
mining the leaching rate of irradiated fuel. Preliminary results 
indicate a leaching rate which is comparable to that for borosi
licate glass. A special experimental study is also being conduct
ed at Studsvik with a modified technique which also permits 
comparisons. 

6.4 THE CANISTER 

Encapsulation of the fuel in a 20 cm thick copper container pro
vides a highly durable barrier against penetration by water. The 
copper shell can only corrode in contact with oxygenated water. 
Water at great depth usually contains only small quantities of 
oxygen. Low levels of oxidants can be formed by radiolysis. The 



148 

6.5 

importance of this phenomenon from the viewpoint of corrosion is 
being studied. Equilibrium levels are considerably lower than the 
solubility of oxygen and hydrogen. This means that no gas will be 
evolved. 

The thick canister reduces the radiation field on the outside and 
provides good mechanical protection. The canisters are sealed by 
several lids in order to guard against weld defects. The probabi
lity of initial canister damage and the migration of radiolysis 
products to nearby canisters is currently under investigation. 

Encasement in an aluminium oxide ~anister provides a highly 
corrosion-resistant barrier. Technical fabrication considerations 
make it desirable to limit the length of the canister to about 3 
metres, which means that the fuel must be converted into shorter 
units prior to encapsulation. This is to be done in a special 
handling process. In order to counteract the risk of dispersal 
and release of radioactive substances, this handling is performed 
in concrete cells with special ventilation systems and filters. A 
special safety analysis for this process will be carried out. 

FINAL STORAGE 

Emplacement in the centre of the tunnel section in a metre-thick 
bed of quartz sand and bentonite provides protection against 
possible fault movements and contributes towards the sorption of 
escaping nuclides. 
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INDUSTRIAL AND CONSULTING COMPANIES 

AB Atomenergi (= Atomic Energy Company of Sweden) 
Ahlsell AB 
ASEA 
ASEA-ATOM AB 
ASEA-Hafo AB 
ASEA-Kabel AB 
Avesta Jernverks AB 
Forsgren Produktion AB 
The Mining Industries' Work Study and Consultancy Prograrrnne 
Hagby Bruk AB 
H Folke Sandelin AB 
Hagconsult AB 
Hydroconsult AB 
IFO Electric Hogspanning AB 
IPA-Konsult 
Kemakta Konsult AB 
Orrje & Co AB, Ingenjorsfirman 
Salenrederierna AB 
Stabilator AB 
The National Swedish Institute for Materials Testing 
Stallbergs Grufveaktibolag 
The Swedish Academy of Engineering Sciences 
Teleplan AB 
AB Vattenbyggnadsbyran 
WP-system AB 

INSTITUTIONS OF HIGHER LEARNING 

University _9i Lun_i 

Division of quarter~ary geology 

University of Gothenburg 

Division of marine microbiology 

E Lagerlund, Ph.D. 

Professor K Gundersen 
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University of Stockholm 

Department of geology 

Department of microbial geo-
chemistry 
Department of statistics 

University of Uppsala 

Department of Seismology 

Lund Institute of Technology 

Dr. N-A Marner 
T Floden, Ph.L. 
Dr. R Hallberg 

Dr. T Thedeen 

Dr. 0 Kulhanek 

Department of inorganic chemistry Dr. Sten Andersson 

Chalmers University of Technology 

Department of geology 
Department of nuclear chemistry 

Department of engineering metals 
Department of inorganic chemistry 

Royal Institute of Technology 

Department of rock engineering 
Department of physical chemistry 
Department of geodetics 
Department of chemical engineer-
ing design 
Department of agricultural hydro-
technics 
Department of nuclear chemistry 
Department of inorganic chemistry 
Department of engineering electro-
chemistry and 

. . 
corrosion science 

Lulea Institute of Technology 

Division of rock mechanics 

Division of geotechnics 

OTHER INSTITUTIONS 

Cement and Concrete Research 
Institute, Stockholm 
National Defence Research Insti
tute, Stockholm 
Glass Research Institute, Vaxjo 

L Bergstrom, Ph.D. 
Professor J Rydberg 
B Allard, D.Eng. 
Dr. I Olefj ord 
Professor N-G Vannerberg 

Professor I Janelid 
Dr. C Leygraf 
Professor A Bjerharrnnar 
Professor I Neretnieks 

Professor y Gustafsson 
Professor I Larsson 
Dr. TE Eriksen 
Professor I Grenthe 
Professor G Wranglen 

Professor O Stephansson 
Dr. K Roshoff 
Professor R Pusch 
A Jacobsson, Ph.D. 

Professor S G Bergstrom 

G Walinder 

B Sirrnningskold, Lie. Eng. 
T Lakatos, Ph.D. 



Institute for Metals Research 
Corrosion research Institute, 
Stockholm 
Swedish College of Agriculture, 
Uppsala 
Swedish Silicate Institute, 
Gothenburg 
Tandem accelerator laboratory in 
Uppsala 
Geological Survey of Sweden 

EXPERTS AND RESEARCH WORKERS 

Dr. Sten GA Bergman 
Claes Helgesson, D. Eng. 

FOREIGN ORGANISATIONS AND COMPANIES 

The Riso Research Station 
ROSKILDE, Denmark 

Royal Norwegian Council for 
Scientific and Industrial Research 
KJELLER, Norway 

Frauenhofer-Gesellschaft 
Institut flir Silicatforschung 
WliRZBURG, West Germany 

Lehrstuhl flir Glas und Keramik 
Institut flir Steine und Erder 
CALUSTAHL-ZELLEFELD, West Germany 

Saint Gobain Techniques Nouvelles 
PARIS, France 

COGEMA 
PARIS, France 

University of Western Ontario 
Professor W Fyfe 
LONDON, Ontario, Canada 

Corning Glass Works 
CORNING, New York, USA 

Electric Power Research Institute 
PALO ALTO, California, USA 

Department of Energy 
WASHINGTON D.C., USA 

Dr. Ralph E Grim 
URBANA, Illinois, USA 

G Eklund, D.Eng. 
Professor E Mattsson 
L Ekblom, Lie.Eng. 
Professor L Fredriksson 

R Carlsson, Lie. Eng. 

Professor A Johansson 

Dr. 0 Brotzen 
U Thoregren, Ph. L. 
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Lawrence Berkeley Laboratory 
University of California 
BERKELY, California, USA 

Nuclear Regulatory Commission 
WASHINGTON D.C., USA 

Office of Waste Isolation 
Union Carbide Corp. 
OAK RIDGE, Tennessee 

Personnel from the Swedish State Power Board, Oskarshanmsverkets 
Kraftgrupp AB (0KG), the Swedish Nuclear Fuel Supplies Company 
(SKBF), the Swedish Central Power Supply Board (CDL) and the Na
tional Council for Radioactive Waste Management (PRAV) have also 
contributed their services to KBS. The project has organized re
ference and working groups within the following areas: 

GEOGROUP 

Dr. Sten GA Bergman 
Dr. Otto Brotzen 
Professor Y Gustafsson 
Dr. Rudolf Hiltscher 
Professor Ingvar Janelid 
Dr. U Lindblom 
Professor Roland Pusch 
Professor Ove Stephansson 

Stocksund 
Geological Survey of Sweden 
Royal Institute of Technology 
Saltsjo-Boo 
Royal Institute of Technology 
Hagconsult 
Lulea Institute of Technology 
Lulea Institute of Technology 

REFERENCE GROUP FOR SAFETY ANALYSIS 

Stig Bergstrom, M. Eng. 
Professor Arne Bjerhannnar 
Professor Lars Fredriksson 
Tore Nilsson, M. Eng. 

Professor Jan Rydberg 

Bo Sirnmingskold, Lie. Eng. 
Jan Olof Snihs, Ph. L. 

Dr. Thorbjorn Thedeen 
.Dr. Gunnar Walinder 

REFERENCE GROUP FOR CORROSION 

Roger Carlsson, Lie. Eng. 

Chief Engineer Thomas Eckered 
Lars Ekbom, Lie. Eng. 
Goran Eklund, D. Eng. 
Professor Ingemar Grenthe 
Dr. Rolf Hallberg 
Sture Henriksson, M.A. 
Professor Einar Mattsson 

AB Atomenergi 
Royal Institute of Technology 
Ultuna College of Agriculture 
Swedish Nuclear Power Inspec
torate 
Chalmers University of Techno
logy 
Glass Research Institute 
National Institute of Radia
tion Protection 
University of Stockholm 
National Defence Research 
Institute 2 

Swedish Silicate Research 
Institute 
Nuclear Power Inspectorate 
Corrosion Research Institute 
Institute for Metals Research 
Royal Institute of Technology 
University of Stockholm 
AB Atomenergi 
Corrosion Research Institute 



Professor Nils-Gosta Vannerberg 

Professor Gosta Wranglen 

BUFFER GROUP 

Bert Allard, D. Eng. 

Kare Hannerz, Lie. Eng. 
Arvid Jacobsson, Ph.D. 
Professor Ivars Neretnieks 
Professor Roland Pusch 

PROGRAMME GROUP P21/22 

Alf Engelbrektsson, M. Eng. 

A-M Eriksson, M. Eng. 
Goran Froman, M. Eng. 

Bo Gustafsson, Eng. 
Bertil Mandahl, Eng. 

153 

Chalmers University of Techno
logy 
Royal Institute of Technology 

Chalmers University of Techno
logy 
ASEA-ATOM 
Lulea Institute of Technology 
Royal Institute of Technology 
Lulea Institute of Technology 

AB Vattenbyggnadsbyran 
(Swedish Hydraulic Engineering 
Company Ltd.) 
Kemakta Konsult AB 
AB Vattenbyggnadsbyran 
(Swedish Hydraulic Engineering 
Company Ltd.) 
SKBF 
0KG 
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01 Kallstyrkor i utbrant bransle och hogaktivt avfall fran en 
PWR beraknade med 0RIGEN 
("Emission rates in spent fuel and high-level waste from a 
PWR, calculated using 0RIGEN") 
Nils Kj ell be rt 
AB Atomenergi, 77-04-05 

02 PM angaende varmeledningstal hos jordmaterial 
("Memorandum concerning the thermal conductivity of soil") 
Sven Knutsson 
Roland Pusch 
Lulea Institute of Technology, 77-04-15 

03 Deponering av hogaktivt avfall 1 borrhal med buffertsubstans 
("Deposition of high-level waste in boreholes containing 
buffer material") 
Arvid Jacobsson 
Roland Pusch 
Lulea Institute of Technology, 77-05-27 

04 Deponering av hogaktivt avfall 1 tunnlar med buffertsubstans 
("Deposition of high-level waste in tunnels containing 
buffer material") 
Arvid Jacobsson 
Roland Pusch 
Lulea Institute of Technology 77-06-01 

05 Orienterande temperaturberakningar for slutforvaring i berg 
av radioaktivt avfall, Report 1 
("Preliminary temperature calculations for the final storage 
of radioactive waste in rock") 
Roland Blomqvist 
AB Atomenergi, 77-03-17 

06 Groundwater movements around a repository, Phase 1, State of 
the art and detailed study plan 
Ulf Lindb lorn 
Hagconsult AB, 77-02-28 
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07 Resteffekt studier for KBS ("Decay power studies for KBS") 
Del 1 Litteraturgenomga.ng ("Part 1 Review of the litera-

ture") 
Del 2 Berakningar ("Part 2 Calculations") 
Kim Ekberg 
Nils Kjellbert 
Goran Olsson 
AB Atomenergi, 77-04-19 

08 Utlakning av franskt, engelskt och kanadensiskt glas med 
hogaktivt avfall 
("Leaching of French, English and Canadian glass containing 
high-level waste") 
Goran Blomqvist 
AB Atomenergi, 77-05-20 

09 Diffusion of soluble materials in a fluid filling a porous 
medium 
Hans Haggblom 
AB Atomenergi, 77-03-24 

10 Translation and development of the BNWL-Geosphere Model 
Bertil Grundfelt 
Kemakta Konsult AB, 77-02-05 

11 Utredning rorande titans lamplighet som korrosionshardig 
kapsling for karnbransleavfall 
("Study of suitability of titanium as corrosion-resistant 
cladding for nuclear fuel waste") 
Sture Henriksson 
AB Atomenergi, 77-04-18 

12 Bedomning av egenskaper och funktion hos betong i samband 
med slutlig forvaring av karnbransleavfall i berg 
("Evaluation of properties and function of concrete in 
connection with final storage of nuclear fuel waste in 
rock") 
Sven G Bergstrom 
Goran Fagerlund 
Lars Romben 
The Swedish Cement and Concrete Research Institute, 77-06-22 

13 Urlakning av anvant karnbransle (bestralad uranoxid) vid di
rektdeponering 
("Leaching of spent nuclear fuel (irradiated uranium oxide) 
following direct deposition") 
Ragnar Gelin 
AB Atomenergi, 77-06-08 

14 Influence of cementation on the deformation properties of 
bentonite/quartz buffer substance 
Roland Pusch 
Lulea. Institute of Technology, 77-06-20 
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15 Orienterande temperaturberakningar for slutforvaring i berg 
av radioaktivt avfall 
("Preliminary temperature calculations for the final storage 
of radioactive waste in rock") 
Report 2 
Roland Blomquist 
AB Atomenergi, 77-05-17 

16 Oversikt av utlandska riskanalyser samt planer och projekt 
rorande slutforvaring 
("Review of foreign risk analyses and plans and projects con
cerning final storage") 
Ake Hultgren 
AB Atomenergi, August 1977 

17 The gravity field in Fennoscandia and postglacial crustal 
movements 
Arne Bjerhannnar 
Stockholm, August 1977 

18 Rorelser och instabiliteter i den svenska berggrunden 
("Movements and instability in the Swedish bedrock") 
Nils-Axel Marner 
University of Stockholm, August 1977 

19 Studier av neoteknisk aktivitet i mellersta och norra Sveri
ge, flygbildsgenomgang och geofysisk tolkning av recenta 
forkastningar 
("Studies of neotectonic activities in central and northern 
Sweden, review of aerial photographs and geophysical inter
pretation of recent faults") 
Robert Lagerback 
Herbert Henkel 
Geological Survey of Sweden, September 1977 

20 Tektonisk analys av sodra Sverige, Vattern - Norra Skane 
("Tectonic analysis of southern Sweden, Lake Vattern -
Northern Skane) 
Kennert Roshoff 
Erik Lagerlund 
University of Lund and Lulea Institute of Technology, 
September 1977 

21 Earthquakes of Sweden 1891 - 1957, 1963 - 1972 
Ota Kulhanek 
Rutger Wahlstrom 
University of Uppsala, September 1977 

22 The influence of rock movement on the stress/strain situa
tion in tunnels or boreholes with radioactive canisters em
bedded in a bentonite/quartz buffer mass 
Roland Pusch 
Lulea Institute of Technology, 1977-08-22 

23 Water uptake in a bentonite buffer mass 
A model study 
Roland Pusch 
Lulea Institute of Technology, 1977-08-22 



158 

24 Berakning av utlakning av vissa fissionsprodukter och akti
nider fran en cylinder av franskt glas 
("Calculation of leaching of certain fission products and 
actinides from a cylinder made of French glass") 
Goran Blomqvist 
AB Atomenergi, 1977-07-27 

25 Blekinge kustgnejs, Geologi och hydrogeologi 
("The Blekinge coastal gneiss, Geology and hydrogeology") 
Ingemar Larsson Royal Institute of Technology 
Tom Lundgren Swedish Geotechnical Institute 
Ulf Wiklander Geological Survey of Sweden 
Stockholm, August 1977 

26 Bedomning av risken for fordrojt brott i titan 
("Evaluation of risk of delayed fracture of titanium") 
Kjell Pettersson 
AB Atomenergi, 1977-08-25 

27 A short review of the formation, stability and cementing 
properties of natural zeolites 
Arvid Jacobsson 
Lulea Institute of Technology, 1977-10-20 

28 Varmeledningsforsok pa buffertsubstans av bentonit/pitesilt 
("Thermoconductivity experiments with buffer material of 
bentoni te/pi tes i lt") 
Sven Knutsson 
Lulea Institute of Technology, 1977-09-20 

29 Deformationer i sprickigt berg 
("Deformations in fissured rock") 
Ove Stephansson 
Lulea Institute of Technology, 1977-09-28 

30 Retardation of escaping nuclides from a final depository 
Ivars Neretnieks 
Royal Institute of Technology, Stockholm, 1977-09-14 

31 Bedomning av korrosionsbestandigheten hos material avsedda 
for kapsling av karnbransleavfall. 
("Evaluation of corrosion resistance of material intended 
for encapsulation of nuclear fuel waste".) Status report, 
1977-09-27, and supplementary statements. 
Swedish Corrosion Research Institute and its reference group 
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Part 2 Review of the literature 
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A number of additional reports are in preparation. 




